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A B S T R A C T

The pitting behavior of carbon steel in chloride-containing solutions was studied by 

the electrochemical noise technique. The semiconducting nature of the passive film 

formed on carbon steel was revealed as well. The initiation of metastable pits is generally 

indicated by a typical current and potential transient with the shape of a quick current rise 

and potential drop followed by a slow recovery. The potential fluctuations mainly come 

from the response of the electrode capacitance to pit growth charge. Only the current 

transients directly reflect the metastable pitting process. The potential dependence of the 

pit initiation rate is well illustrated by the point defect model, which assumes that pitting 

initiation is due to the anion-catalyzed cation vacancy condensation at the film/metal 

interface. Pit growth kinetics are controlled by the ohmic potential drop across the cover 

over the pits. The repassivation time of metastable pits is affected by the potential drop 

across the pit cover. A pit stabilization criterion of the ratio of peak pit current to pit 

radius indicates that the critical condition to maintain the stable pit growth must exceed 2 

x 10‘2 A cm 1 to avoid repassivation. The main role of chloride ions in pitting is to 

increase the chance of the breakdown of a passive film, rather than to inhibit surface 

repassivation. The initiation o f a metastable pit will have a certain influence on 

subsequent pitting events in the case of high pitting activity. When the pitting activity 

decreases, the metastable pitting events will follow the Poisson distribution.'
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Spectral analysis of noise data indicates that any transient having a sudden birth or a 

sudden death generates f ' z noise, while that without sudden change shows f A behavior. 

The roll-off frequency reflects the repassivation or growth rate of metastable pits.

The noise resistance coincides with the polarization resistance only in passivity or 

general corrosion. For pitting, the noise resistance cannot track quantitatively the change 

of the corrosivity of the system.

The passive film on carbon steel is a highly disordered n-type semiconductor. There 

are two donor levels in the space charge layer of the passive film. The divalent iron 

cation vacancies caused by the ionization of deep donor levels and then the complexity of 

iron cation with chloride ions are mainly responsible for pitting. The diffusivity of 

oxygen vacancies within the passive film is estimated to be in the range of 10‘16 -  10'15
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Chapter 1 Introduction

Localized corrosion of passivated metals generally includes various types of corrosion 

phenomena, such as pitting, crevice corrosion and stress corrosion cracking. Compared 

with uniform corrosion, localized corrosion is more dangerous and destructive due to its 

latent incubation and quick propagation.1 Among the different forms of localized 

corrosion, pitting is encountered most frequently in metallic materials o f technological 

significance. Carbon steels, low alloy and stainless steels, nickel base alloys, aluminum, 

titanium, copper, and many other metals and alloys may suffer severe pitting in different 

environments, especially in those containing chloride ions.2,3

Due to its widespread occurrence and damaging effects, pitting has been a matter of 

great concern for over 40 years.4 Extensive studies have been undertaken and continued 

with the aim of determining conditions that lead to pitting, understanding the basic 

mechanisms of the processes involved, and developing the most effective methods of 

protection. While much experimental data was gathered and major progress was made in 

both the understanding of the principal causes of pitting and the prevention or control of 

pit initiation and growth, many issues remain unsolved and some important knowledge is 

still lacking; for example, the nucleation mechanism of pits and the early growth stage.5

Even for the nature of pitting process, there also bears the opposite understandings. 

Many people believe that the initiation of a pit is an unpredictable event.1,6 The intrinsic 

unpredictability and random nature associated with the pitting process make it extremely 

difficult to identify the mechanisms controlling the pitting and to understand their 

interaction by classic electrochemical techniques, such as steady-state polarization plots 

and A.C. impedance.7,8 However, Macdonald’s work9 shows that once the properties of 

the passive film at the breakdown sites are known, the breakdown potential and the 

induction time are quite predictable and the resulting accumulated damage can be 

calculated with considerable accuracy. Therefore, the pitting is definitely a deterministic 

process.

I
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With respect to the complexity of the studies of pitting corrosion, the electrochemical 

noise technique has unparalleled advantages compared with other electrochemical 

techniques. Spontaneous fluctuations of the corrosion potential and/or current generated 

by corrosion reactions are known as electrochemical noise (EN).8’10’11 The time and 

frequency processing techniques devised for random signals can be a p p lie d .fb r  E N  data. 

In the case where the elementary transients are not too numerous and are discernible, a 

statistical counting can be done on the time series to evaluate a mean appearance rate. 

However, in the case where many events occur at the same time and their transients 

overlap, a spectral analysis of the random signal in the frequency domain will allow the 

characteristic parameters of the process to be attained.

The EN technique has proven to be a valid approach to study pitting processes.10,12,13 

It has been shown that EN signals generated during pitting result from the breakdown and 

repair of the passive film and directly reflect the change of surface states of metals. Noise 

analysis can provide fundamental information about the initiation, propagation and 

repassivation of metastable pits, and thus, reveal the pit initiation mechanisms and 

reaction kinetics of the pitting processes. In addition, the EN technique is especially 

effective for monitoring applications.12,14,15

This work is aimed at investigating the metastable pitting phenomena occurring on 

carbon steel by electrochemical noise analysis and providing fundamental information 

about carbon steel pitting. Some basic viewpoints in pitting studies and the physical 

significance of the noise parameters are clarified. In addition, the semiconducting nature 

of the passive film on carbon steel is studied and the relationship between the electronic 

structure of the passive film and the pitting susceptibility is determined.

In order to present the above-mentioned work clearly and systematically, this thesis is 

divided into eight chapters. Chapter 2 is a comprehensive review of the EN technique, 

including the EN source and nature, measurements, analysis and its application to 

corrosion studies. In addition, the basic theories describing the formation and breakdown 

of the passive film are also reviewed.

The preparation of electrode and solution, the establishment of experiments and the 

main approach methods employed in this work are introduced in Chapter 3.

2
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Chapter 4 presents the statistical analysis of EN signals in the time series generated 

during carbon steel pitting. The results contain the analysis of the role of electrode 

capacitance in potential fluctuations, the potential dependence of the initiation, growth 

and repassivation processes of metastable pits and their transition toward stability, the 

cooperative pitting behavior, the role of chloride ions in pitting processes, and some 

design factors worth considering during EN measurements.

The spectral analysis of noise data is illustrated in Chapter 5, where the physical 

significance of the noise spectrum and spectral parameters are clarified.

According to the statistical and spectral analysis results of EN signals, noise 

resistance is theoretically explained and its application to carbon steel corrosion is 

evaluated in Chapter 6.

Chapter 7 discusses the semiconducting nature of the passive film and the relationship 

between electronic structure and pitting susceptibility of the passivated carbon steel. An 

investigation of the relationship between donor density and film formation potential is 

performed and the diffusivity of oxygen vacancies within the passive film on carbon steel 

is calculated.

In the final chapter, the main conclusions and the significance of the present work are 

summarized, as well as some general recommendations for future work.
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Chapter 2 Literature Review

2.1 Noise Sources in Electrochemical Systems

2.1.1 Thermal noise

The lowest magnitude or intensity of electrical noise generated in electrochemical 

systems is the thermal or Johnson noise as a result of the random motion of the electrons 

and charge carriers in thermal equilibrium with their surroundings.1 This vibration occurs 

at temperatures above absolute zero.

Thermal noise determines the absolute minimum that can be expected because the 

signal generators are internal to the system. In some studies involving low levels of EN, 

thermal noise must be minimized. One widely used approach is to use computational 

means to remove this instrument noise. A certain amount of interest has been directed to 

the possibility of assessing whether thermal noise can be used to obtain information on 

the electrochemical behavior of the system under study.2,3 However, the applicability of 

thermal fluctuations on electrochemical systems is open to question.4

2.1.2 Shot noise

Shot noise in an electrical circuit is due to the quantitative nature of the electronic 

charge and is typically associated with low levels of current flow in electronic devices, as 

during electrodeposition,5,6 and is several orders of magnitude greater than that caused by 

thermal noise. In these cases, the source of power driving the fluctuations must be other 

than thermal motion and must be found in the free energy available for the reaction. The 

fluctuations observed in electrochemical systems are often due to current bursts, at levels 

much higher than a single charge, taking place at the electrodes.

The noise generated by current fluctuations can be described as largely similar to that 

observed first in vacuum tubes and is generally called shot noise.7 The noise is related to 

the finite size o f the charge carriers; in a vacuum tube, each electron transports a charge

5
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(q) in a very short time, causing a current spike.

In the case of interest to electrochemistry, q is much larger than the electron charge. 

In the classic experiments of electrocrystallization on quasi-perfect Ag single crystals,8 

where the charge corresponds exactly to a monolayer of metal, the electrochemical 

properties are then revealed.

2.1.3 Flicker noise

Flicker noise, also called \ / f  noise, is noise whose amplitude is inversely proportional 

to the frequency (/). It may be more correct to write \ / f a noise, but the exponent a  is 

often close to l.9 This kind of noise is observed in a great variety of systems, and while 

several different explanations for its origin have been proposed, none seems to have 

sufficient generality to explain its nearly universal presence.10,11 Many spectra of noise 

measured on electrochemical systems tend to show some inverse proportionality with 

frequency in the range measured (usually from 103 Hz to 10‘2 Hz), and the slope at the 

lower frequencies is often close to \/f. However, there is no theoretical treatment that 

would suggest that electrochemical systems will exhibit flicker noise.

Flicker noise occurs in the instrument, therefore limiting its sensitivity. Flicker noise 

appears to be one of the major limitations, together with the drift of the signals, in the 

measurement of electrochemical noise.

2.2 Noise Sources in Corrosion Systems

The major sources of noise observed in corrosion systems can be ascribed to 

macroscopic random (stochastic) phenomena, which have been shown to be widely 

varied. They include:

* Pit initiation, metastable pitting, and stable pit growth;12,13,14,15

* Hydrogen evolution involving bubble nucleation, growth, and detachment;16,17 

changes in solution resistance and diffusion of anion into propagating 

microcracks;15 and discharge on freshly exposed metal at propagating cracks;18

* Propagating stress corrosion cracking (SCC) involving metal dissolution or water 

discharge;18,19,20,21,22

6
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* Crevice corrosion;23,24,25

* Mechanical impingement and abrasion;26

* Underfilm corrosion;26,27

* Passive systems;28,29

* High-temperature processes;30,31

* Microbial-induced corrosion;32,33

* Uniform corrosion.34,3s

In all cases, noise data from corrosion studies only indicate possible types of 

stochastic processes.36 The data must then be interpreted to provide corrosion information 

and/or an understanding in terms of models and corrosion principles.

23  Nature of Electrochemical Noise

All physical processes are divided into deterministic or non-deterministic (the latter 

being random or stochastic) categories. Deterministic processes may be periodic or non

periodic (transient); they are described by time-varying functions, such as those produced 

by sinusoidal perturbations used in electrochemical impedance studies. In conventional 

electrochemical studies, the deterministic input is typically controlled by an external 

potentiostatic or galvanostatic perturbation.

The nature of EN phenomena is determined by the noise sources. The thermal noise 

generated during electron vibration, due to the temperature difference, belongs to the 

general category of non-deterministic processes. The EN during pitting is, according to 

Macdonald, is a deterministic phenomenon. He argues that passivity breakdown and 

pitting initiation occur for good mechanistic reasons that render the process and the then 

generated noise deterministic in nature. However, some people attribute the EN during 

pitting to the general random category.36 The stochastic processes are described either by 

probability density function equations or in statistical terms. Non-stationary random 

processes have time-varying functions that are determined by obtaining instantaneous 

averages over the ensemble of time records forming the process. One of the most 

comprehensive studies of such ensembles was made by the Williams group on current 

noise transients produced during pitting.37,38,39 The data sets were generated by a method

7
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in which a potentiostatic sweep was terminated at a constant potential.

2.4 Measurements of Electrochemical Noise

Electrochemical noise data can be obtained in a conventional manner using 

potentiostatic and galvanostatic techniques.38,39,40 The current or potential time records 

are then analyzed to provide information on the corrosion processes. Such measurements 

can be useful in research investigations since only one measured parameter varies with 

time. However, the apparatus used for modulating potential or current in the galvanic cell 

will introduce unwanted noise into the system, and may not always provide a true 

representation of an actual corrosion situation.41

An alternative approach is to allow the natural corrosion process to occur on the 

electrode and then to record the potential changes of the freely corroding metal on a 

sensitive digital voltmeter.42,43 A preferred variation is to combine the corrosion potential 

measurement with a current measurement by coupling two freely corroding electrodes 

together through a sensitive zero-resistance ammeter (ZRA).44,45 The two meters provide 

simultaneous time records of the spontaneous changes in coupling current and corrosion 

potential. Analysis of such data can be used in either research studies or practical 

corrosion monitoring applications.

2.4.1 Potentiostatic and galvanostatic measurements

The use of potentiostatic/galvanostatic measurements has been a preferred method in 

many research studies. This technique is particularly useful for investigations of passivity 

and its breakdown leading to pitting. Of major concern in early investigations of EN in 

corrosion was the development and use of low-noise potentiostats and galvanostats.46 

Initial experiments also favored the use of a two-channel cross-correlation method and 

two reference electrodes, all contained within a faradaic cage.42 This approach was 

abandoned when it was recognized that in corrosion studies most noise signals are 

significantly in excess of the instrumentation noise. Obviously, in all studies, it is 

necessary to use well-designed instrumentation with a low instrument noise output to 

achieve minimum interference from the measurement equipment Examples of the use of

8
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potentiostatic and galvanostatic measurements are given below.

The relationships between the electrochemical behavior of the passive film on 

stainless steel under potentiodynamic conditions and the current noise in the pre-pitting 

range have been evaluated by Keddam et al.48 Pit nucleation was described by a Poisson 

process. The amplitude and frequency of the current noise decreased drastically with 

aging of the passive film.

In contrast to the large number of papers using potentiostatic measurements, there are 

few reports of the use of noise measurements obtained galvanostatically. Of particular 

interest has been the work by Gabrielli and Keddam49 on noise generated by iron 

dissolution and simultaneous hydrogen generation. The data were analyzed to 

demonstrate that the fluctuations were due to the formation and release of hydrogen 

bubbles. This analysis is an extension of the original postulates by Baker50 that 

electrochemical noise may be due to hydrogen bubble formation.

2.4.2 Electrochemical potential noise (EPN) measurement in freely corroding metals 

Many of the early observations of EN were made by monitoring the corrosion

potential of freely corroding electrodes.12,23 When used in combination with more 

conventional techniques, such as linear polarization and electrochemical impedance, EPN 

monitoring is able to discriminate between periods of uniform corrosion and localized 

corrosion in situ and in a range of operating plants and test apparatus.51,52 Other 

researchers have also suggested subsequently that EPN measurements may be used to 

quantify corrosion rates of steel in concrete53 and active dissolution of iron 49,54

2.4.3 Electrochemical current noise (ECN) measurements from coupled electrodes 

The use of coupled electrodes where the coupling current flow is monitored with a

ZRA provides a method of monitoring current noise on freely corroding specimens.44 In 

most cases, nominally identical electrodes are used. In principle, there should be no net 

current flow between the electrodes; however, in practice, the statistical variation in 

corrosion rates across surfaces means that current flow and electrochemical noise are 

observed. This process can be considered as the experimental verification of the original 

Evans’ concept of mobile anodic and cathodic areas on a uniformly corroding surface.36

9
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Changes in corrosion potential of the coupled electrode assembly are measured with a 

third electrode, either a reference electrode in the case of laboratory studies or a piece of 

metal of similar composition as the electrode assembly. The three-electrode arrangement 

enables changes in current noise that produce changes in corrosion potential to be 

followed as the environmental conditions change.

The simultaneous monitoring of current and potential noise signals was first used in 

1984 by Eden44 using simple analog instrumentation. The combined monitoring of 

corrosion potential and coupling current has been particularly useful in research studies 

of localized corrosion, materials testing and in-situ corrosion monitoring. In the case of 

localized corrosion, one of the electrodes may generate a pit, and hence, the net current 

transient is observed. It is also possible to use specially designed electrode assemblies in 

which one electrode is stressed; this may be used to evaluate SCC. Crevice corrosion can 

be assessed with an electrode covered by a crevice with the second electrode acting as the 

external cathodic area.

2.5 Analysis of Electrochemical Noise

Analysis of the EN data may be undertaken using a variety of methods. Two principal 

techniques have been extensively used.55 The first method involves the digital acquisition 

of raw data as a time record series and subsequent analysis using statistical techniques, 

frequency domain transforms and transient analysis, providing kinetic and mechanistic 

information. This technique is suited to do research and development studies where the 

aim is to characterize the response of specific systems. The second method involves the 

processing of the signals using electronic filters and amplifiers and the production of an 

output voltage proportional to the root mean square (r.m.s.) of the noise signals. These 

data are subsequently recorded by a data logging system and analyzed to provide an 

indication of corrosion rate and mechanism. The latter technique has .been proven to be 

more useful in long-term, on-line monitoring situations, where correlation of corrosion- 

related information with processing operations is important
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2.5.1 Digital techniques

The digital techniques involve the measurements and analysis of raw time record 

data, containing simultaneous recordings of current and potential signals. The noise data 

collected during corrosion can be analyzed either in the time domain or in the frequency 

domain depending on whether the transients are discernible or not, i. e., the amplitude of 

the nucleation rate of the transients. In the case of the growing stable pits, a statistical 

counting can only be performed since spectral analysis requires a relatively stationary 

corrosion stage. In the case of the random current transients related to the birth and death 

of the pit nuclei (pre-pitting stage), a time recording and a spectral analysis of the random 

transients could be carried out if the pits are not too numerous. If there are too many pits 

only a spectral analysis can be performed.

2.5.1.1 Time recording

Examination of the raw digitized data recorded in the time series can often give 

valuable insight into the processes occurring on the specimens. However, it is difficult to 

assess values of corrosion rate without further analysis.

The EN generated by uniform corrosion consists of spontaneous low-frequency 

fluctuations of potential and current, with an amplitude typically of the order of tens or 

hundreds of microvolts and from picoamps/cm2 to microamps/cm2, respectively.40’56

In contrast, when localized corrosion takes place, the raw data traces typically show 

evidence of transients, which give an indication of the amplitude and frequency of the 

localized events, and may be used to identify the mechanistic processes associated with 

the corrosion type.55 For example, Gabrielli et al.57,58 analyzed the time records published 

in the literature and indicated that two types of current transients were always reported. 

The type I transient is distinguished by a slow current growth followed by a sudden drop. 

It seems to be characteristic of metastable pitting of iron,59 iron-chromium alloy60 and 

stainless steels.61,62,63 The type II transient is characterized by a suddem birth that is 

followed by a slow recovery, which is typical of metastable pitting of aluminum and 

aluminum alloys64,65 and non-chemical initiation of the corrosion, such as abrasion,66,67 

scratching,68 and laser illumination.69
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2.5.1.2 Statistical analysis

Statistical analysis provides a simple and rapid method for the interpretation of the 

EN data. It can reduce the large number of measurements in a noise recording to a single 

figure. Various statistical measurements have been proposed to identify certain features 

of the corrosion process, including:

* Standard deviation of the current or potential (of or aU)

The standard deviation of the current or potential is calculated using the relationship:

a  =
1

Z X , ‘ - ( Z x y / n
<*i   ( 2 - 1 )

n - 1

where X\ is the measured value, and n is the number of points in the recording.

As discussed,70 of is expected to increase with the increasing corrosion rate (the 

electrode size is kept constant). However, the establishment of a quantitative relationship 

between a l and the corrosion rate depends on the corrosion type.71 a l is either 

proportional to the corrosion current density (icorr) or to (fCorr)1/2, depending upon whether 

the current transients are superimposed or temporally separated. For localized corrosion 

processes where the duration of transients generally is short compared with the average 

inter-transient time, the square-root relationship is more likely. Proportionality is 

expected for general corrosion and passivity where the superimposed transients are 

apparent Therefore, although the corrosion rate normally is expressed as a current 

density, which is independent of electrode size, no such simple relationship is available 

for of in the case of localized corrosion.

* Pitting index fPD

The pitting index is calculated as shown according to Kelly et al.:72

p , = y -  (2-2)
* rjnjt.
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where /r m.s. is the root mean square of the noise current Because the ECN may vary with 

time, these quantities should be calculated over the same time period.

Table 2-1. Correlation between the pitting index (PI) and type o f corrosion expected75

Pitting Index Value Range Type of Corrosion Expected

0.001 < PI <0.01 Uniform corrosion

0.01 < PI <0.1 Mixed corrosion

0.1 < PI < 1 Pitting corrosion

The pitting index may have a value between 0 and I. Eden et al.73 reported the 

classification for the pitting index shown in Table 2-1. The reason behind the formulation 

of the PI is that pitting occurs on initially passive electrodes, which exhibit small 

background current. The initiation of localized attack can be detected by the relatively 

large current transients, which lead to a large standard deviation in the current. Values 

near zero indicate general corrosion. The root mean square of the current signal is used 

instead of the mean current to account for all current, independent of its direction.

* Noise resistance (Rn)

Noise resistance is defined as the ratio of the standard deviation of potential to the 

standard deviation of current:44,74,75

In the same way that polarization resistance is inversely proportional to corrosion current 

density by the Stem-Geary equation,76 noise resistance is taken to be a direct measure of 

the change of corrosion rate, especially the general corrosion rate.77'In  addition, 

theoretical analysis78 has proven that the potential and current noise are related by the 

impedance of the metal/solution interface. Noise resistance is a function of the 

electrochemical behavior of the material under study and, thus, some important
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electrochemical parameters, for example, the electrode impedance,S5 can be derived from 

the noise resistance.

While more sophisticated statistical measures (e.g., quantification of the extent to 

which the distribution deviates from a normal distribution) might be of use, they have not 

widely been applied to EN measurements and analysis, and are not considered here.

2.5.1.3 Spectral analysis

Standard methods of analysis are typically used to show noise data as spectra, which 

are representations of the time record as “averages” in the frequency domain display. 

This technique is used mainly to examine whether the noise occurs at specific 

frequencies,79 and to compare the recorded signal with the intrinsic noise of the recording 

system to decide whether recordings contain useful information or are swamped by 

system noise. The transformation into the frequency domain may also be used to 

calculate the low frequency impedance spectra from the potential and current noise data.

Two common mathematical procedures used to convert time domain records into 

frequency domain spectra are the fast Fourier transform (FFT) and the maximum entropy 

method (MEM). The FFT method80 is widely used in many branches of engineering and 

science; it produces somewhat “noisy” spectra and is appropriate for repetitive signals 

and data sets with a reasonable number of sample points, and in the case of EN analysis, 

may be used to evaluate periodic signals. MEM was developed by Burg81 to analyze a 

limited number of sample points in geophysical studies and uses filter coefficients to
fiOdescribe the data. Details of the computational procedures for MEM are available. 

MEM is considered to produce smoother spectral representations of data, from which two 

important spectral parameters, roll-off slope and roll-off frequency, can be easily 

evaluated.83 Results have indicated83,84 that FFT and MEM produce identical spectra from 

EN data, except for low ECN buried in the parasitic noise generated by the measurement 

system. In this case, the FFT technique is more appropriate than the MEM, which gives 

qualitative results only. Therefore, selection of the transformation method (FFT or MEM) 

of noise data would appear to be a personal choice.

Noise spectra are presented as either power spectral density (PSD) or amplitude (dB)

14
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plots. In both cases, either the logarithm of spectral power density (V /Hz or A /Hz) or 

the amplitude (dB), that is, logarithm of power spectral amplitude (V/Hz,/2 or A/Hzl/2) is 

plotted against the logarithm of frequency (Hz). The noise amplitude is the square root of 

noise power. The spectral analysis provides valid information in the following frequency 

range:

f r a in NAt

where N and At are the number of samples in each run and the sampling interval, 

respectively.

Although PSD is an effective expression for the study of EN, much useful 

information is lost when the real time data are converted into frequency data since the 

calculation of PSD includes an averaging procedure. Therefore, the noise data should be 

analyzed as time series data, especially when one studies the fundamental steps of the 

random fluctuation of signals and how this fluctuation is related to the kinetics of 

cathodic and anodic reactions.85 Once the stochastic and deterministic nature of EN in the 

real time domain is analyzed, it will be an easy task to convert the real time data into 

frequency data, and observe how the electrochemical reactions affect the shape of the 

PSD curve.

2.5.2 Analogue techniques

The analogue techniques involve processing of the potential and current signals in 

real time using electronic amplifiers and filters, typically providing an output 

proportional to the r.m.s. value of the low frequency noise signals. The output is usually a 

signal in the 0 to 10 volt range corresponding to low frequency potential noise signals in 

the 1 to 10 microvolt range and the current noise signals which may vary from 

microamps to milliamps (usually over a four-decade dynamic range). This type of signal 

processing is particularly useful in continuous on-line monitoring applications where it is
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important to evaluate both steady state corrosion conditions and also to identify 

transitions between corrosion modes.

2.5.3 Other techniques

Considering the complex and difficult work involved in EN analysis, many other 

techniques have also been attempted. Some typical examples are listed.

* Stochastic process detector (SPD)

The SPD technique was designed to quantify the stochasticity o f EN records as a 

function of frequency.86 The main idea behind SPD is that specific corrosion modes, such 

as pitting or other forms of localized corrosion, will potentially generate EN containing 

deterministic features. It is hoped that by focusing on the stochasticity of EN recordings, 

the technique will be highly sensitive to any feature falling outside such category and 

reveal some information not detectable by any other technique. The SPD technique 

consists of two levels of EN transformation. First, EN records are transformed into a 

series of singular events, that is, each point of a time series is examined for its 

appurtenance to either positive or negative noise peaks. The distribution of peak lengths 

A(t) is then examined and compared with the theoretical exponential first-order decay 

distribution, represented by

Kt) = I f *  (2-5)

where At and t are the mean value and the time length of the noise peak. The goodness-of- 

fit of real data by the exponential function is calculated to serve as a measure of 

stochasticity of the time records. Roberge et al.86,87 used the SPD technique to analyze the 

voltage fluctuations during the corrosion of aluminum. The analysis result was confirmed 

to be reasonable by microscopic examination of the specimen and EIS measurements.

* Chaos data analyzer
■»

Over the last twenty years in nonlinear dynamic theory, some new mathematical
aa

parameters have been developed to characterize nonperiodic and chaotic systems, such 

as the reconstruction of attractor, factual dimensions and Lyapunov exponents.56 Various 

chaotic parameters of current oscillations have been used to describe the initiation of

16
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localized corrosion, as well as to simulate the evolution of pits on silver.

It was established91 that the power law ( l / f a) of the power spectrum might indicate 

the chaotic nature of a time series, where the exponent a  is considered to be an index of 

its irregularity. The results of the spectral analysis of measured EN usually indicate the 

continuous broadband nature of fluctuations. Whereas this type of .spectrum is 

characteristic for random and chaotic signals, rescaled range analysis has been used to 

extend the statistical approach of EPN.86,92 Fractal dimensions of EPN and ECN 

measured on stainless steel have been calculated to estimate the dimensionality of the 

phase space of different types of corrosion.93

2.6 Application of EN Technique to Electrochemical Systems

Initial studies of noise in electrochemical systems by Tyagai,94,95,96 Baker16,97,98 and 

Fleischmann and Oldham99 have been reviewed by Seralathan and Rangarajan.100,101 

They have presented detailed mathematical models for assessing fundamental processes. 

For example, the Rangarajan models consider EN as a process involving faradaic shot 

noise; their methodology provides a fundamental treatment of the previous studies of 

basic electrochemical reactions, but no corrosion. The method involves consideration of 

primary noise sources, which are fundamental, but invariably uncorrelated assessment of 

macroscopic phenomena. The treatment includes equations for conversion of the current 

into power spectra. The macro-variables include partial faradaic currents, electron 

transfer and chemical kinetics, but these are described as discrete Poisson processes.

These earlier studies highlight two major drawbacks for the use of EN in studies of 

redox systems: (1) the noise signal is relatively small, and (2) there is no particular 

advantage of noise measurements compared with deterministic methods, such as 

impedance, for these systems.16

2.7 Application of EN Technique to Corrosion Systems

EN in corrosion was first reported in the early 1960s.12,102 It is only since the 

corrosion publications of the late 1970s and early 1980s5,6,41,42,47,103 that there has been an
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increasing interest in this subject. This is partly because the availability of digital 

equipment makes the measurement and recording of noise data a relatively easy task. 

Equally important is the recognition that EN interpretation provides scientific answers in 

corrosion research and solves practical problems in corrosion engineering.

2.7.1 Uniform corrosion

Active dissolution of iron and steel in acidic solutions is controlled by the hydrogen 

evolution process. The noise signals obtained under galvanostatic and potentiostatic 

control have been interpreted in terms of a stochastic process determined by bubble 

formation, growth and detachment16,17

Monitoring measurements made on mild steel in dilute sulfuric acid at the corrosion 

potential indicate that noise resistance, charge-transfer resistance (Rt) from impedance 

measurements, and weight-loss data provide similar results.18,70 In other systems, for 

example, in carbon dioxide-containing brines and aerated sodium chloride solutions, the 

corrosion rates, indicated by Rn, Rt and polarization resistance (iJp) from linear 

polarization measurements, decrease with time as corrosion product films develop. Some 

organizations now recommend EN measurements for determining general corrosion
104rates.

2.7.2 Localized corrosion

2.7.2.1 Pitting corrosion

Pitting is a stochastic process, and noise analysis has provided greater understanding 

of the initiation and propagation stages. In particular, analysis of individual noise 

transients is a useful research method for the study of fundamental corrosion 

mechanisms. Similar information can be obtained from potentiostatic and free corrosion 

data.

Initiation events are observed as short-lived transients. In some cases, transients may 

continue and give rise to metastable pits, which have only a limited life and repassivate 

within a few seconds.15,62,105 Only a small number of initiation events continue to form 

stable pits. Even stable pits have a finite life. Therefore, there are probabilities associated
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with birth and death of the initiating transients and the metastable and stable pits.

The noise trace from a stable growth pit is typically that of an actively corroding 

metal surface. Analysis of the current and potential relationship shows that in the free 

corrosion situation, the pit is not driven by an IR effect, as with potentiostatic 

experiments,64 but by the retained local environment. For example, Frankel et al.106 

observed the presence of a preexisting passive film across a pit mouth. Burstein and 

Pistorius62’105,107 further demonstrated that the transients are consistent with the absence 

or presence of the original passive film. The partial covering of a pit mouth will appear to 

play an important part in controlling the diffusion processes in the incipient pit 

environment. This local environment in turn determines the pit life and the type of noise 

transient observed.

Dawson29 thought that initiation transients are due to local film rupture events, and 

pitting noise is mechanically triggered. The overall mechanism involves adsorption of 

negatively charged chloride ions, and this adsorption increases as the electrode potential 

rises towards the pitting potential. The change in adsorption affects the film surface 

tension, which in turn changes the pressure within the film. A film rupture event that 

occurs at an area of high chloride adsorption has a greater probability of continuing to 

metastable or stable pits.

EN measurements on pitting, either by analysis of individual transients or a series of 

transients, is able to provide detailed information on the fundamental processes involved. 

The actual stochastic processes are influenced by factors such as age and thickness of the 

passive film, composition of the environment, electrode potential, diffusion restriction as 

a result of pit geometry, and flow enhancement in turbulent environment.

2.7.2.2 Crevice corrosion

Crevice corrosion on stainless steel is typically observed as pitting, but with the 

anodic dissolution assisted by restricted diffusion produced by the crevice geometry. 

Initial film rupture or breakdown occurs within the crevice, and then, provided the 

corrosion potential is sufficiently anodic, the metal dissolution will continue as a large 

current transient52,108,109 This noise transient is similar to that produced by a stable pit but
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with an extended life that continues over a number of hours.

In the case of iron and carbon steels, which have a less protective film, regular 

potential oscillations may be observed.23 These appear to be characteristic of diffusion 

control, but are more likely to be due to the formation and dissolution of unstable films in 

the restricted crevice environment Similar oscillations have been observed with stress- 

assisted intergranular corrosion18 and unstable film formation and dissolution.110

2.7.2.3 Stress corrosion cracking (SCC)

EN measurements during SCC have been reported for both potentiostatic-controlled 

experiments21,22 and corrosion monitoring at the free corrosion potential.18,19,20

Anodic transients are the result of metal dissolution at the crack tip and are, therefore, 

similar to pit initiation. In many cases, there could be difficulty in the ability to 

discriminate between anodic SCC, pitting and crevice corrosion. Extensive active 

corrosion outside the crack can mask the cracking transients.20,111

Cathodic transients can be observed in some SCC systems.18 These result from the 

hydrogen generation reaction that occurs on the newly fractured metal surface of a 

propagating crack. This freshly exposed surface is highly catalytic and, hence, conversion 

of adsorbed water to atomic hydrogen occurs rapidly at the base of the crack. The fast 

cathodic reaction consumes electrons that are generated from the film dissolution and the 

electrochemical double layer present on the metal surface, both external to the crack and 

on the crack walls. The electrochemical interface is then recharged by subsequent metal 

dissolution. The observed potential and current transients, therefore, both increase in a 

negative direction during the propagation step. Rapid branched cracking and slowly 

propagating single cracks have been observed with EN.

2.7.3 Other aspects

2.7.3.1 Coating evaluation

One of the most significant ongoing developments of the EN technique over the past 

ten years has been the use of noise analysis in coating evaluation.112 Particularly 

noteworthy is the work by Skerry et al.113,114,115,116 that has demonstrated that noise can be
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considered as a standard test procedure. In addition, Mansfeld and co-workers45,75,112 

performed many work in the relevant aspects and obtained many valuable results.

The main advantages of EN measurements and analysis in evaluating coatings are 

ease of application and production of quantifiable data which, unlike impedance 

measurements, are also easy to interpret. Typical data can be presented as a change of 

noise resistance with time of exposure. In general, through-coating corrosion is a 

relatively slow process with good systems, and measured parameters do not change 

rapidly during the test exposure period. EN is, however, very sensitive to any change, and 

hence, trends of noise resistance with exposure time are ideal for coating evaluations. The 

data are more amenable to simple analysis involving water uptake, increasing corrosion 

of the substrate, than that provided by electrochemical impedance.

2.7.3.2 Inhibition mechanism

The EN technique has been used in inhibitor studies and evaluations.117,118,119,120 The 

corrosion rate data and indications of pitting are typical examples of these applications.

The dependence of noise resistance on exposure time in inhibitive solutions and the 

comparison of Rn with polarization resistance or charge-transfer resistance provide the 

base for EN analysis as a convenient method of continuous corrosion rate monitoring. 

The changes of potential and current noise data strongly suggest that EN is a practical 

technique in the monitoring of inhibitor film performance and in the evaluation of 

inhibitor film persistency.

The analysis of noise data in the frequency domain can provide a useful means of 

characterization of the corrosion attack and of the inhibition mechanisms. For example, 

Monticelli et al.121 found that an organic inhibitor, mercaptopyimidine, inhibits localized 

corrosion by surface adsorption. As a consequence, the noise spectra appear to be 

depressed, particularly in the low-frequency region and at short immersion times. Nitrate 

and molybdate act mainly by reinforcing the surface passive film. The \!f*  trend shown 

by their noise spectra, with a  close to 20 dB/decade, appears to be a consequence of their 

film-forming activity.
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2.8 Industrial Application of EN Technique — Corrosion Monitoring

The goal of industrial corrosion monitoring is to provide a clear picture of the 

conditions in an operating plant that lead to corrosion damage in order to avoid 

unscheduled downtime. The advantages of EN for corrosion monitoring applications 

have been demonstrated in numerous publications.18’52,58,108,122,123

Evaluations have been made of acid dew point corrosion in flue gas exhaust 

equipment and ductwork,52,124 flue gas de-sulphurizing systems,125,126 boiler plant,127 

cooling water systems,128 oil and gas production,129 reinforced concrete,53,122,130 and the 

nuclear power industry.131

The main emphasis has been troubleshooting, assessment of process control, effects 

of environmental changes, and inhibitor evaluations. Measurement of corrosion rates, 

identification of the onset of localized corrosion and trend monitoring are typical of most 

studies.

2.9 Passivation and Localized Corrosion

The studies of localized corrosion is one of the main applications of the EN technique 

in the corrosion field. In general, the occurrence of localized corrosion is subject to the
f 17existence of a protective film on the electrode surface. Some fundamental aspects of 

the passivation of metals and the breakdown of passive film are reviewed.

2.9.1 Passivation

The passivity of metals and alloys is one of the most important phenomenon 

responsible for our metal-based civilization. Most structural metals are viable in an 

engineering sense only because of the existence of a surface oxide film whose thickness 

may be less than a few nanometers. Although the phenomenon of passivity has been 

known for more than ISO years, a satisfactory description of the passive state still eludes 

us.133 This state of affairs is due, in part, to the experimental difficulties in probing 

surface films whose thickness may not exceed a few nanometers, and also to the 

conceptual difficulty in using bulk phase concepts in formulating theoretical descriptions.
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The first attempt to explain the phenomenon was made by Faraday,lj4 more than one 

century ago, and since then numerous studies have been carried out leading to several 

theories.135 For many years there has been great opposition between two models: the 

adsorption model, which describes the passive state based on the adsorption of a layer of 

oxygen or oxygen-containing species on the metal surface, and the oxide film model, 

which is based on the formation of a protective oxide film.

Recently, the advent of spectroscopic techniques, such as Auger electron 

spectroscopy (AES) and X-ray photo-electron spectroscopy (XPS), which provide 

information on the composition of small thickness of matter, has been in favor of the 

oxide film theory. Consequently, the discussions have become centered on other factors, 

such as the degree of crystallinity of the passive film and its composition.

2.9.1.1 Models o f passivation

Although at present it is accepted that passivation is a consequence of the presence of 

oxides on the surface, a large variety of theories have been proposed involving different 

structures and compositions.

* Crystalline oxide model

This model explains the passivation based on the formation of a crystalline oxide on 

the metallic surface. In the case of iron the films are composed of either y-Fe203 or 

Fe203*nH20 or Fe304 and y-Fe203.

The crystalline oxide is assumed in many cases to have a spinel structure that 

supports ionic transport The presence of water in the films formed in aqueous medium is 

interpreted as being due either to H2O adsorption at the film/solution interface136 or to a 

process of stabilization of y-Fe203 by hydrogen in the outer layer of the film.137 Thus, the 

passive film usually contains hydrogen in addition to metal ions and oxygen, hydrogen 

being present in the form of protons, OH* or water.

Concerning its composition in depth the film can be considered as homogeneous138 or 

having a stoichiometry continuously changing with thickness139 or even a sandwich type 

of structure.137
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* Sandwich structure

This model is based on the fact that the ferric oxide constituting the passive film is 

thermodynamically unstable when in direct contact with metallic iron.135 The sandwich 

oxide structure appears by analogy with the oxidation in the air at high temperatures 

where the film is composed of an outer layer of a-Fe203 and an inner layer of Fe3C>4 and 

was initially proposed by Nagayama and Cohen.140 Several studies, however, indicate 

that for passive iron, the outer layer may be of y-Fe203.138

* Polymeric hvdrated oxide model

According to this model, the water has a key role in passivation, acting as a binder 

between polymeric oxide chains, in an essentially amorphous structure. According to 

Okamoto,141 the film shows a gel-type of structure (Fig. 2-1).

In the region where the film is not present, the production of the metal ions takes 

place with formation of MOH* species. This species is then captured by the involving 

water and precipitates as a solid film with a high degree of hydration. Anodic polarization 

or aging of the film leads to a loss of protons (Fig. 2-la).

Okamoto postulates the existence of three kinds of bridges between metal ions: H2O- 

M-OH2, -HO-M-OH- and -O-M-O-. The H2O-M-OH2 structure, corresponding to a 

higher degree of hydration, is the more reactive.

Okamoto’s model was originally proposed for stainless steel, but has also been 

applied to iron.142,143

2.9.1.2 Passivation o f stainless steel

The passive films formed on stainless steel are thinner than those formed on pure 

iron, show a more complex composition, and in addition, cannot be reduced 

cathodically,135 which makes their study quite difficult.

Although it is universally accepted that the films formed on stainless steel are 

enriched in chromium, many doubts still persist concerning the film composition and 

structure, as well as the role of the alloying elements.144

Concerning the film structure, there are various studies pointing towards a “duplex” 

or sandwich type of oxide with an inner layer enriched in chromium and an outer layer
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Fig. 2-1 Polymeric oxide model (a) Dissolution of metallic ions leading to film 
formation; (b) Chloride ions replace water molecules causing breakdown of the film.141
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enriched in iron.145,146 However, XPS measurements on passive ferritic stainless steel at 

the corrosion potential revealed a maximum chromium content in the outer layer.147 

There is also an indication that an increase of chromium in the alloy decreases the 

thickness of the film and is responsible for a certain amorphous character.135

In spite of the great confusion existing in the studies performed with stainless steel, 

the bipolar model142,146 describing the passivation of stainless steel is worth further 

consideration. This model describes a passive film as a bipolar ionic rectifier constituted 

of a Cr-rich inner layer and a Fe-rich outer layer, which is shown in Fig. 2-2. The inner 

layer, resulting from the direct reaction of Cr with H2O, is formed of (>203 and Cr(OH)3 

and is anion selective. The outer layer, rich in iron, incorporates SO42’ ions, which makes 

it cation selective. Immediately below the iron layer, QO42'  is present, resulting from the 

dehydration of Cr(OH)3.

When an anodic potential is imposed, a de-protonation reaction takes place in the 

internal layer near the interface of the duplex film, resulting in the loss of protons to the 

solution through the external layer. Since the inner layer is anion selective, the exit of 

metal cations from the substrate is difficult As a consequence, the O2' ions originating 

from the deprotonation reaction accumulate at the interface, then migrate towards the 

metal surface, and form a dehydrated oxide.

2.9.1.3 Remarks on passivation

Investigations of the composition, structure and properties of the passive films have 

been carried out on various metals and alloys. However, a considerable amount of 

disagreement still exists concerning the results. This is due to several factors: different 

experimental conditions, surface preparations and limitations of the techniques.

At present there are many promising techniques used for the characterization of 

surfaces (SEM, XPS, AES, SIMS, Raman spectroscopy, EIS, ...). However, while 

techniques like AES and XPS are fairly good for analysis, their detection levels are much 

higher than that of SIMS, which can detect species in extremely low concentrations, but 

which in turn is an essentially qualitative technique.

Electrochemical techniques like EIS, Mott-Schottky plots and photoelectrochemical
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Fig. 2-2 The bipolar model describing the passivation of stainless steels.

measurements are “in-situ” techniques, which have become quite popular during the past 

decade for the study of the behavior of passive films and also for their characterization 

from the point of view of their semiconducting properties.

In spite of all efforts and developments achieved, many points still remain to be 

clarified, the questions being such as: Are passive films amorphous or crystalline? Are 

the semiconducting properties of the films related or not to their stability and if they are, 

in what way? What is the relation between composition and behavior?
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2.9.2 Breakdown of passivation

The breakdown of the passive film in a situation of localized corrosion, such as 

pitting or crevice corrosion, is commonly accepted as being developed in two stages:

* initiation, in which local corrosion sites are formed on the surface, and

* propagation, in which those microscopic sites develop into larger or deeper 

corrosion sites, often leading to severe attack.

A third phenomenon, consisting of repassivation of already activated sites, can also 

occur under favorable conditions.

Although there is a general agreement concerning the mechanisms of the propagation 

stage, many doubts still remain on the processes leading to the nucleation of corrosion 

sites on the surface of the passive film. The most relevant theories concerning the 

initiation stage are presented as follows.

2.9.2.1 Anion penetration/migration model

Under the influence of the electric field existing across the film, the aggressive anion 

(in general Cl*) will penetrate and reach the metal/film interface. The way by which the 

anion moves through the oxide can be either by diffusion through pre-existing micro- 

pores,148 by ion exchange with the O2' ions of the lattice149 or by a process involving the 

formation of cation vacancies.150

Irrespective of the diffusion mechanisms, film breakdown occurs when the aggressive 

anion reaches the metal.

Another version of this model has been proposed by Okamoto,141 in the light of the 

hydrated polymeric oxide model for the passive film. The water molecules adsorbed on 

the surface are substituted by chloride ions, which then migrate into the oxide, where they 

meet OH\ Because chloride ions are stronger Lewis bases, they tend to substitute for the 

OH* ions, with the formation of iron chlorocomplexes, which afterwards diffuse into the 

electrolyte.
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Fig. 2-3 Schematic of processes that lead to the formation 
of bilayer passive films on metal surfaces.

2.9.2.2 The chemico-mechanical model

According to Hoar,151 aggressive anions are adsorbed on the oxide film, substituting 

for water molecules. The repulsive forces among adsorbed anions lower the interfacial 

tension, leading to the formation of cracks in the oxide.

Sato152 has suggested that the mechanical stress can become critical as the result of an 

electrostrictive pressure (dielectric deformation resulting from the generation of opposite 

charges by the electric field).
*

2.P.2.5 Point defect model

Passive films generally form as bilayers, with a highly disordered “barrier” layer
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Fig. 2-4 Schematic of physicochemical processes occurring within a  passive 
film according to the point defect model. During film growth, cation vacancies 
are produced at the film/solution interface, but are consumed at the 
metal/film interface. Likewise, anion vacancies are formed at the metal/film 
interface, but are consumed at the film/solution interface.

adjacent to the metal and an outer film comprised of a precipitated phase that may 

incorporate anions and/or cations from the solution (Fig. 2-3). Because passivity is 

sometimes observed in the absence of the outer film, e.g., in highly acidic or basic 

solutions where precipitation may not occur, the passivity is generally attributed to the 

barrier layer.

Assuming that the transmission of ions through the barrier layer occurs by vacancy 

motion, due to the preponderance of Schottky defects, the reactions that occur at the 

metal/film and film/solution interfaces are those depicted in Fig. 2-4. The reactions
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shown are not assumed, but are the only possible elementary reactions for vacancy 

generation and annihilation. These reactions differ fundamentally in terms of whether 

they conserve the film boundary with respect to some fixed reference point in space. 

Reactions 1,3 and 4 conserve the film, because they involve the movement of ions across 

the boundaries. Reaction 2 results in the generation of new film [Mm + (x/2)Vo**] by a 

fluctuation in electron density around an atom in the metal at the metal/film interface. 

The metal atom (m) does not move substantially, but some movements of the ions within 

the film must occur to create the oxygen vacancy. Likewise, reaction 5 results in the 

destruction of the film by dissolution, which may or may not be an electrochemical 

process, and hence, is also non-conservative. Therefore, according to PDM, the principal 

entities involved in film growth are point defects, notably cation (Vmx) and anion (Vo**) 

vacancies, in a disordered barrier layer of nominal stoichiometry MOxa-

SolutionPassive filmMetal

Cation ejection
(aq)+VMX

Schottky
pair
reactionCation vacancies

Anion absorption 
V0** + X--»Xo*Vacancy condensate

Fig. 2-5 The process leading to the breakdown of 
passive films according to PDM.
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According to PDM, passive film breakdown and pitting initiation in an aggressive 

solution is due to the anion-catalyzed cation vacancy condensation at the film/metal 

interface.153,154,155 Fig. 2-5 shows the process leading to the breakdown of the passive film 

based on PDM. The initial reaction that occurs at the film/solution interface is the 

absorption of an aggressive anion (Cl*) into a surface oxygen vacancy and then a 

Schottky-pair type reaction. Therefore, anion absorption causes the generation of cation 

vacancies at the film/solution interface, and hence, leads to the flux of cation vacancies 

across the passive film to the film/metal interface. If the cation vacancy flux is so high 

that the cation vacancies cannot be annihilated at the metal/film interface by reaction (1), 

a cation vacancy condensate will be formed, causing the thinning of the film or local 

detachment from the metal. Once the condensate has grown to a critical size, the film 

ruptures and a rapid local attack then occurs, either due to complete dissolution or the 

stress in the film induces a mechanical or structural instability.

A condensate of cation vacancies can grow if the diffusion flux of cations towards the 

solution exceeds that of vacancies towards the metal. When this condensate reaches a 

critical size, a local collapse of the film takes place. The role of aggressive ions consists 

of occupying anion vacancies in the outer layers of the film, generating a Schottky pair 

type of reaction and, therefore, increasing the cation vacancy concentration at the surface 

and the migration of the charged cation vacancies towards the metal/film interface.

2.9.2.4 Theory o f chemical dissolution

Initially proposed by Hoar and Jacobs,156 this theory illustrates that three or four 

halide ions are adsorbed on the film surface, around a cation of the lattice, preferably near 

an anion vacancy. The complex thus formed can immediately separate from the oxide, 

and in this way the dissolution of cations is accelerated when compared with the aquo- 

complexes. The thickness of the film is therefore reduced in that area, which will increase 

the electric field. Consequently, the migration of metal ions through the film is enhanced, 

as well as the local dissolution rate. In the limit, the film becomes locally destroyed and 

the underlying metal becomes exposed to the electrolyte.
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Fig. 2-6 Scheme for the dissolution/passivation of austenitic stainless 
steel. The species in solid blocks are passivating species, while those 
in the dotted blocks are non-passivating species.

2.9.2.5 Theory o f depassivation-repassivation

The passive film is envisaged as a dynamic system in which a competition takes place 

between metal dissolution and film formation, i.e., between breakdown and 

repassivation.157 Repassivation is hindered either by the presence of aggressive anions158 

or by anodic potential.159

Recently, based upon a number of reaction paths appearing in the literature, a scheme 

of competition among the processes of film formation, anodic dissolution, film 

breakdown and repassivation (Fig. 2-6) has been proposed.160

2.9.2.6 Theory o f local acidification

Essentially developed by Galvele,161 it assumes the existence of “micro-pits” on the
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surface, even below the critical potential for pitting corrosion. Inside those micro-pits 

there is dissolution and hydrolysis of metal ions, with the formation of free protons. The 

corrosion products diffuse towards the electrolyte.

The local acidification theory has been the object of some criticism, because it does 

not explain effects such as the specific action of the aggressive anion or the increase of 

the induction time with film thickness.135,162

Initially built to explain the initiation of pitting corrosion, the theory seems to be 

more adapted to the propagation stage, since the acidification inside the pits seems to be 

decisive for its growth.

From the above exposition, it is seen that a good number of attempts have been made 

in order to explain both passivation and localized corrosion. However, a great deal of 

work is still needed before a final model can be created. As far as the models for 

passivation are concerned, considerable developments have been registered in the past 

few years, especially due to the development of electrochemical, surface observation and 

microanalysis techniques. Due to these techniques, it is at present known that passive 

films constitute a phase different both from the metallic matrix and the environment, 

which excludes the hypothesis of the simple oxygen adsorption being responsible for 

passivation. Of various models and theories describing the breakdown of the passive film 

and the initiation of pits, the point defect model should be bome special attention. The 

PDM exploits the term of passivity from an atomic scale and quantitatively describes the 

growth, breakdown and repassivation kinetics with the consideration of environmental 

conditions and affecting factors.

Electrochemical techniques have been of importance not only for fundamental studies 

in the laboratory but also for corrosion monitoring in industry. More and more 

instrumentation in the laboratory is becoming adapted to a wider use in field tests, and in 

the future great developments are to be expected in this area.

2.10 Summaries

The above review has outlined the major parameters and factors to be considered in
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performing passivity and pitting studies and undertaking EN measurements and analysis. 

EN has been proven to be useful in fundamental research studies; for testing of materials, 

coatings, and inhibitors; for online corrosion monitoring both for process control and 

surveillance; and for the investigation of plant corrosion problems. An appreciation of the 

likely sources of noise and their measurement is essential to recognize the advantages and 

limitations of the technique.

Noise analysis of time recordings for research purposes is not necessarily a trivial 

task. It may require detailed analysis of individual transients to provide information on 

the fundamental processes that underlie the corrosion mechanisms. In cases where a 

series of transients are evaluated, a modeling exercise is often used. The modeled data, 

which describe the noise transients in fundamental terms, are then compared with 

experimental data to propose viable mechanisms.

In practical situations, the shapes of the random noise transients can be used to 

discriminate between uniform corrosion and various forms of localized corrosion. A 

simple statistical interpretation of the EN data can also provide information on uniform 

corrosion rates, and can be related to noise resistance and the degree of localized activity, 

such as pitting index.

The question of whether “electrochemical noise is the definitive corrosion technique” 

will only be fully answered in the long term as further scientific information becomes 

available. However, the literature presented demonstrates that EN measurements provide 

some of the most fundamental information on the basic stochastic processes involved in 

electrochemical corrosion reactions. EN information has also been used in practice and, 

particularly, adopted as a standard method for coatings and corrosion rate determination.

2.11 Shortcomings of the current knowledge and objectives of the present work

Although the EN technique has been used in pitting studies more than 30 years, there 

is still no complete and clear understanding in some fundamental aspects. In addition, 

previous research work mainly focused on various stainless steels, pure iron, aluminum 

and aluminum alloys. Few studies have been reported in which carbon steels are used as 

the test material. Therefore, some basic results about the EN during the pitting of carbon
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steel are lacking. For example, there are no systematic studies about the potential 

dependence of the initiation, growth and repassivation processes of metastable pits on 

carbon steel. Similarly, the transition criterion of metastable pits developing towards 

stable pits on carbon steel is lacking. It cannot be certain under what conditions the 

metastable pitting events follow the cooperative distribution or Poisson behavior. The 

understandings about the physical significance of the noise spectrum and spectral 

parameters are vague. There are no systematic studies about the influences of the 

semiconducting properties of passive films on pitting behavior. No fundamental 

relationship between the electronic structure of a passive film and the pitting 

susceptibility is established at this stage. Even for the usual testing materials, there still 

exist quite different or even contradictory viewpoints in many aspects, such as the 

reasons responsible for the potential fluctuations and the role of chloride ions in pitting.

In this work, some fundamental research has been performed with the following 

objectives:

* Fundamental understanding about the metastable pitting processes on carbon 

steel, including initiation, growth, repassivation and the transition towards 

stabilization, and the features of electrochemical noise generated during pitting;

* Role of chloride ions in carbon steel pitting;

* Distribution law of metastable pitting events on carbon steel;

* The physical significance of the noise spectrum and spectral parameters;

* Application of noise resistance in carbon steel corrosion;

* The semiconducting properties of the passive film on carbon steel and the 

relationship between the electronic structure of the passive film and its pitting 

susceptibility.
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Chapter 3 Experimental Procedure

3.1 Electrodes and solutions

Electrodes were made of a sheet of A516-70 carbon steel (ASTM), an extensively 

used pressure vessel plate in the sweet oil and gas fields, with the chemical composition 

(%, wt): C 0.31, Mn 1.0, P 0.035, S 0.04 and Si 0.25. Each sample was cut to 6 mm x 7 

mm x 5 mm and ground to 600 grit on all faces. The unexposed edges were coated with a 

masking paint (alkyd enamel, ANDARR) to prevent crevice corrosion between the epoxy 

mount and the electrode. The specimens were embedded in Epofix resin manufactured by 

LECO resulting in an exposed steel area of 0.4 cm2. The working surface of the specimen 

was ground to 600# emery paper and then 1000# SiC paper. The sample was cleaned with 

distilled water and methanol.

All the solutions were made from analytical grade reagents and distilled water. In 

order to pre-passivate the carbon steel electrode, 0.5 M sodium bicarbonate (NaHCOs) 

was always used as the base solution. The reason for using bicarbonate solutions is that 

the water phase in sweet oil wells has properties nearly identical to distilled water with 

dissolved carbon dioxide (CO2) and thus contains bicarbonate in various concentrations.1 

Although much research has been carried out to elucidate the corrosion and stress 

corrosion cracking behavior of pipeline steel in bicarbonate solutions, less work has 

focused on corrosion problems of carbon steel in bicarbonate solutions in the presence of 

CI*.M The investigation of electrochemical behavior of A516-70 carbon steel in 

bicarbonate solutions can further improve the understanding of sweet corrosion of carbon 

steel pipeline.

In order to initiate the pits on passivated carbon steel specimens, sodium chloride 

(NaCl) was added to the base solution according to the pre-designed volume. Prior to 

various electrochemical measurements, the solution was stirred immediately upon the
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addition of NaCl to keep the solution mix uniformly. The stirring process was completed 

within 5 seconds.

All tests were carried out at ambient temperature and the solutions were open to air. 

This design is aimed at simulating the practical situation.

3.2 Measurements of electrochemical noise

3.2.1 Electrodes in a freely corroding condition

During the measurements of current and potential noise, a pair of nominally identical 

A516-70 carbon steel electrodes was used as working electrodes (WE). A Ag/AgCl 

electrode was employed as a reference electrode (RE). The measurement circuit is shown 

in Fig. 3-1. The noise data, i.e., the galvanic current flowing between two WEs and the 

potential difference between the coupled WEs and the RE, were recorded using an ACM 

AutoZRA measurement system with various sampling rates.

ACMAutoZRA

Fig. 3-1 The schematic setup of potential and current noise 
measurements under free corrosion conditions.
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3.2.2 Electrodes under potentiostatic control

The A516-70 carbon steel WE was immersed vertically in a conventional three- 

electrode electrochemical cell. A Ag/AgCl RE was connected to the cell through a Luggin 

capillary. A platinum plate was used as the counter electrode (CE). The experimental 

setup is schematically shown in Fig. 3-2. The potential of the WE, which was relative to 

Ag/AgCl electrode, was controlled by a Gamry CMS 100/105 corrosion measurement 

system. Prior to the measurements of current signals, the specimen was immersed in the 

solution for two hours and then potentiostatically controlled at the required potential 

values, while the anodic current was recorded simultaneously at a specific sampling rate.

Potentiostat/Galvanostat

Fig. 3-2 The schem atic setup  of potential and  current noise 
m easurem ents under potentiostatic or galvanostatic control.
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3.3 O th e r electrochem ical m easurem ents

A conventional three-electrode cell was employed in this work for other 

electrochemical measurements, as shown in Fig. 3-2.

3.3.1 Polarization curves

After 2 hours of immersion in the solution, the electrode was believed to reach a 

steady state, indicated by a stable value of corrosion potential. The potentiodynamic 

polarization curves were then measured by sweeping the potential positively from -50 

mV relative to the corrosion potential at a rate of 0.2 mV/s.

There is a certain influence of the potential scan rate on the polarization behavior of 

the electrode. In the case of a large scan rate, some information related to the electrode 

process may be missed because some steps cannot change fast enough to reach a steady 

state. If the potential scan rate is too slow, it will take much longer time to measure a 

polarization curve. An optimum scan rate is always determined based on the preliminary 

tests. A potential scan rate of 0.2 mV/s was appropriate for the given system and used in 

the measurements of polarization curve.

3.3.2 Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed on the specimen after 2 hours of immersion in the 

solutions. A Gamry 100/300 system was used. The impedance data were obtained within 

the frequencies ranging from 5,000 Hz to 0.005 Hz, and with perturbation potential signal 

amplitude of 10 mV (peak-to-peak).

3.3.3 Capacitance measurements

The specimens were pre-passivated at various film formation potentials* for 2 hours in 

a 0.5 M NaHCC>3 solution. The capacitance of the electrode was then determined with the 

Gamry 100/300 corrosion system by performing a potential scan in the anodic direction. 

Macdonald4 thinks that the passive film thickness cannot remain constant when the
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potential is positively increased and, therefore, a potential sweep in the negative direction 

is recommended so as to “freeze” the vacancy structure and hence allow the system to 

conform more closely to the conditions assumed in the derivation of the Mott-Schottky 

equation. In the present work, it is approximately assumed that the thickness of the 

passive film does not change very much during the potential sweep in the anodic 

direction considering a pre-reached stable passive state and a fast potential scan rate of 50 

mV/s. During the recording of the capacitance-potential profiles, the excitation potential 

was 10 mV (peak-to-peak), and the measurement frequency was 1000 Hz unless specified 

otherwise.
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Chapter 4 Statistical Analysis of Electrochemical Noise in the Time 

Domain

4.1 Introduction

It has been proven that the statistical analysis of EN signals can provide fundamental 

information about metastable pitting processes.1,2’3 The potential and current noise during 

metastable pitting is generally attributed to the breakdown and repair of the passive 

film.4,5 The current transients directly reflect the initiation, growth and repassivation
A 7 8processes of metastable pits. ’

As stated in the literature review in Chapter 2, previous pitting research by EN 

techniques mainly used various stainless steels, pure iron, aluminum and aluminum 

alloys as the test materials. Fewer studies have been reported on carbon steels. The 

fundamental results about EN generated during pitting of carbon steel are lacking. For 

example, there are no systematic studies of the potential dependence of the initiation, 

growth, repassivation processes of metastable pits and the transition towards stabilization. 

Even for the usual testing materials, there still exist different or even contradictory 

standpoints in many aspects, such as the reasons for the potential fluctuations and the role 

of chloride ions in pitting.

In the present chapter, the potential and current noise generated during metastable 

pitting of AS 16-70 carbon steel in chloride-containing solutions is statistically analyzed 

in the time domain. It is aimed at obtaining the fundamental information about the 

metastable pitting occurring on carbon steel. Simultaneously, some debated opinions are 

clarified through noise analysis.
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4.2 Analysis of the role of electrode capacitance in the initiation and growth of 

metastable pits

Although it has been acknowledged that current transients reflect the metastable 

pitting processes: initiation, growth and repassivation, the reason for the potential 

fluctuations is still controversial. For example, Hashimoto et al.9 found that the potential 

fluctuations generated during metastable pitting of pure iron follow a pattern of a quick 

potential drop followed by a slow recovery. They suggested that the drop in potential is 

due to the nucleation and growth of a metastable pit and the following slow rise is caused 

by the repassivation of the pitted area. Many others10,11,12,13’14 have also attempted to use 

potential noise to monitor the onset of events characterizing metastable pitting.

Pistorius15, Isaacs16 and Pride et al.17 found that the current transients recorded during 

metastable pitting correlate in time with a quick drop in potential. However, a slower 

recovery in potential to the original value than current was observed in these studies. It 

was suggested that the current fluctuations resulted from the breakdown and 

repassivation of the passive film, while the potential fluctuations reflected the recharging 

and discharging processes of the capacitance of the passive film. Electrode capacitance 

plays a major role in the fluctuations of potential. Therefore, electrochemical potential 

noise does not directly reflect the pitting processes.

In order to illustrate the electrode process responsible for the potential noise during 

carbon steel pitting, the role of the electrode capacitance in potential fluctuations is 

analyzed quantitatively based on the experimental results in this section. The passive 

behavior of carbon steel in bicarbonate solution is also discussed.

4.2.1 Polarization behavior of carbon steel in bicarbonate solution

The polarization curves of A516-70 carbon steel in 0.5 M NaHC03 solutions without 

and with the addition of 0.1 M NaCl are shown in Fig. 4-1. It can be seem that A516-70 

carbon steel was passivated in 0.5 M NaHC03 solution over a large potential region, 

ranging from -100 mV to 950 mV (Ag/AgCl). Chloride ions have a dramatically negative 

effect on carbon steel passivity. When the inhibitive solution contained 0.1 M C1‘, the
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passive potential range decreased to about 150 mV and the passive current density 

increased remarkably.

1100
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-300
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1.0E+1 1.0E+2 1.0E+31.0E-1 1.0E+01.0E-2

Current density/ mA cm'2

Fig. 4-1 The polarization curves of A516-70 carbon steel in 0.5 M 
NaHC03  solution without and with 0.1 M NaCI.

It has been accepted18,19,20 that the anodic behavior of Fe in a bicarbonate solution is 

generally subject to the formation of a precipitated layer of hydrous ferrous hydroxide 

firstly, which is produced through a complex pathway formally written as follows:21

Fe + H20->Fe(OH)adS + H+ + e (4-1)

Fe(OH)ads Fe(OH)+ + e • (4-2)

Fe(OHf + OH'-> Fe(OH)2 (4-3)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

51



Simultaneously, the growth of the precipitated layer is accompanied with the 

chemical dissolution due to the presence of HCO3* according to the reaction (4-4):

Fe(OH)2 + HC03* -> CO32' + OH* + Fe2+ + H20  (4-4)

When the local saturation of ferrous species at the electrode/solution interface is reached, 

bicarbonate ions should favor the precipitation of FeC03 in the outer layer:22

Fe2+ + HC03* FeC03 + H" (4-5)

The Fe(OH)2/FeC03-containing outer layer precipitating on the Fe surface undergoes 

oxidation at a more positive potential.20 Simultaneously, a barrier layer is formed towards 

the metal substrate based on the oxidation of metal itself. The structure of a stable passive 

film formed on Fe surface may be a composite of FeiOj/FeiO*:

3Fe(OH)2 + 20H* -» Fe30 4 + 4H20  + 2e*

2FeC03 + 3H20  -► Fe20 3 + 2C032* + 6H+ + 2e 

2Fe(OH)2 + l/202 Fe20 3 + 2H20

4.2.2 Features of EN generated at different pitting stages

Prior to the measurements of EN in the corrosion medium, instrumental noise in both 

the potential and current channels was determined. The background noise, which is 

shown in Fig. 4-2, consist of very frequent and stochastic potential and current 

fluctuations with amplitudes less than 0.2 mV and 1 nA, respectively.

After 2 hours of immersion of the carbon steel specimen in 0.5 M NaHC03 solution, 

a stable passive state was reached. The recorded potential and current fluctuations are 

shown in Fig. 4-3. It is seen that the noise pattern is similar to that of background noise,

that is, stochastic potential and current fluctuations with high frequency and a small

amplitude of approximately 0.8 mV and 2 nA, respectively. No sharp potential and
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Fig. 4-2 Background potential (A) and current (B) noise recordings.
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current transients were observed. This is the typical noise pattern observed in the passive 

system.

In order to study the pitting susceptibility of passivated carbon steel, chloride ions 

were added to the bicarbonate solution. On addition of sodium chloride to the solution, 

the electrode potential decreased and the current increased immediately. The potential 

and the current fluctuated in a very regular pattern, that is, they traced the changes each 

other. Both transients produced and died at the same time, as shown in Fig. 4-4. This 

kind of regular fluctuation lasted about 4 hours, typical potential and current transients 

were then observed (Fig. 4-5). A common feature of this type of potential and current 

transient is a quick potential drop and current rise followed by a slow recovery. 

Additionally, the current recovery took a shorter time than the potential recovery.

Carbon steel in the passive state will maintain a stable potential and current. When Cl' 

is added, the specific adsorption of chloride ions on some “active spots” of the 

electrode surface can lead to local thinning of the passive film through a series of 

reactions.23 When the local electrochemical environment is not too aggressive, the 

dissolution and repair of the local passive film will remain in a steady state. The potential 

and current fluctuations at this stage reflect the active dissolution of the passive film. 

Their high regularity and the identical fluctuation rhythm express the common 

characteristics for stable passivity. The fluctuation in the potential keeps that in the 

current, indicating that the faradaic current now plays a major role in the potential and 

current fluctuations.

After 4 hours of immersion of the specimen in a chloride-containing solution, the 

regular noise pattern with the same fluctuation rhythm was replaced by a sharp and 

typical pattern of potential and current fluctuations. It is recognized7 that each transient 

indicates the initiation of a metastable pit According to Shibata,24 the incubation time of 

pitting corrosion equals the period between the addition of aggressive ions (e.g., Cl*) to 

the electrolyte and the initiation of the first metastable pit accompanied by a sharp 

fluctuation of the corrosion potential and/or current Therefore, the incubation time of the 

pitting of A516-70 carbon steel in the present system is approximately determined as 4 

hours.
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4.2.3 Analysis of EN generated in pitting initiation stage

Fig. 4-6 shows two typical potential and current transients generated in pitting 

initiation. It can be seen that current and potential transients have different times during 

their recovery stages. The time for the rise in potential occurs for periods that always 

exceed the time for decay of current to its baseline although their transients occur 

simultaneously.

It has been shown15,17 that the sharp rise in current and the drop in potential indicate a 

local breakdown of the passive film. Only the current transients directly reflect the nature 

of the events occurring on the electrode surface. The rapid rise in current is attributed to 

the breakdown of passive film and the initiation of a metastable pit, while the slow 

recovery of current comes from the repair of local passive film and the repassivation of 

the pitted area.

It is evident that the minimum value in every potential transient corresponds to the 

beginning point of repassivation of metastable pits; however, the slow recovery of the 

potential does not appear to result from the repassivation process. No current flows to the 

pitted carbon steel surface during the later stage of potential recovery. This behavior 

should result from the dominant role of the electrode capacitance. The cathodic reaction 

in the present system is oxygen reduction. During pit growth, the anodic current rises 

quickly. The oxygen reduction is not fast enough to consume all the electrons released 

from anodic reaction within the pit. Since the total anodic current must be balanced by 

the total cathodic current, a major part of the charge produced by pit growth will be used 

to recharge the capacitance of the passive film on carbon steel. Therefore, the pit growth 

charge (Qpn) is balanced by the sum of capacitive charge, which is used to recharge the 

capacitance of passive film, and the faradaic cathodic charge (Qn,k). which is consumed 

by the cathodic reaction (oxygen reduction). That is,

V

Qpil =  CAU  +  <2cath (4-9)

where AU  is the potential drop. The recovery of the potential is controlled by the slow
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generated during metastable pitting of carbon steel.
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discharging of the electrode capacitance.

4.2.4 Statistical analysis of the role of electrode capacitance in potential fluctuations

The pit growth charge is consumed both by the capacitance of the passive film on 

carbon steel and the faradaic cathodic reaction. To determine the fraction of the pit 

charge consumed by the capacitance, the amplitude of the potential drop was compared 

with the pit growth charge. The potential and current noise of A516-70 carbon steel 

within 1024 seconds after 4 hours of immersion in 0.5 M NaHC03 + 0.1 M NaCl solution 

(Fig. 4-5) were chosen for this purpose. The amplitude of the potential drop, AU, was 

measured from the local maximum in the potential-time curve (at the start of metastable 

pit growth) to the local minimum value, which corresponded to pit repassivation. The 

corresponding pit growth charge was obtained by integration of the current-time 

transient.

Fig. 4-7 shows the relationship between the potential drop and the pit growth charge 

(small square points). If the complete pit growth charge is used to recharge the 

capacitance, one expects the potential drop to be proportional to the pit charge if the 

capacitance is constant. The broken line in the figure shows this assumed behavior. The 

reciprocal of the slope of the broken line is the constant capacitance value of 80.8 jiF, 

which is measured by the EIS method. The Nyquist diagram based on impedance 

measurements is shown in Fig. 4-8. Because of the pattern of the semicircle in the 

Nyquist diagram, the electrochemical equivalent circuit of the electrode system can be 

described as the parallel connection of the charge-transfer resistance (Rt) and the 

electrode capacitance (Q, which is then in series connection with the solution resistance. 

The diameter of the semicircle in the Nyquist diagram is determined as the charge- 

transfer resistance. The value of C is estimated from the measured Rt and the frequency at 

the maximum imaginary impedance (/j):

C = — -—  = -----------------------
Ir fR , 2;rx 1.9905x999.6

= 8.08xl0~sF  (4-10)
= 80.8 fiF
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Fig. 4-7 illustrates that the actual square points lie slightly to the right of the broken 

line, indicating that the actual pit charge is larger than the assumed value, that is, the 

charge consumed by the capacitance. A statistical analysis shows that approximate 75%- 

80% pit growth charge is used by electrode capacitance. Only a small part of the charge 

is consumed by the faradaic cathodic reaction.

According to the statistical analysis of the noise data, it is seen that some part of the 

charge during pit growth is indeed consumed by the faradaic cathodic reaction, however, 

the capacitance of the passive film consumes the majority of the charge. The capacitance 

does play a significant role in potential fluctuations during pitting of carbon steel. This is 

similar to the observations made with stainless steels.15,16,25

4.2.5 Analysis of the role of the electrode capacitance in potential fluctuations by 

electrochemical equivalent circuit 

The analysis of the behavior of the passive surface with a localized pitting site has 

been carried out by considering the electrical analogue of the electrode/solution interface 

shown in Fig. 4-9 (a). Za represents the localized pitting site and Zc is the passive surface.

The impedance of a passive surface has been attributed to the dielectric, resistive and 

space-charge properties of the oxide26 or to the presence of adsorbed species on the 

surface.27 Neither of these models has been unequivocally demonstrated, and an 

equivalent circuit based on either model will be controversial. In view of this, an 

analogue for the convenience of analysis of the response of the system rather than 

attempting to conform to a particular model is chosen. The analysis of the potential 

response is in terms of a capacitor (Q  with a parallel resistor (Rt) and offers sufficient 

accuracy for the present result. The equivalent circuit of the pitting site has been proven 

to be reasonably simulated as a resistor (i?Pit).16 The above consideration leads to an 

equivalent circuit shown in Fig. 4-9 (b) to describe the electrode/solution interface.

It becomes clear from the equivalent circuit that the capacitance of the passive surface 

is a component of major importance when pitting is initiated. The equivalent resistance of 

the passive surface plays a minor role due to its high value. During the initiation of pits, 

the potential decrease, and the passive surface can be represented by a single capacitor, 

which is shown in Fig. 4-9 (c). Prior to pit initiation, the value of Rpit is infinite. On

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Z c

C

(c)

Fig. 4-9 Electrochemical equivalent circuit showing the 
impedance of the passive surface with initiated pits.
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initiation of pitting, the presence of Rpit leads to the recharging of the capacitance. 

Following the repassivation of the pits, the value of Rpn is again infinite and the potential 

changes are then controlled by the slow discharging of the capacitance via the high 

parallel resistance.

4.3 Metastable pitting of carbon steel under potentiostatic control

Metastable pitting, which can be observed as stochastic current fluctuations, is 

believed to correspond to passive film breakdown and repair occurring either below the 

pitting potential (Upit) or during the induction time prior to onset of the stable pits under 

potentiostatic polarization above £/pjt 7>8>25’28’29’30’31'32 Metastable pits themselves cause no 

great damage to the material, since their diameter is typically only a few micrometers.6 

However, the early development of the stable pits appears to be identical to that of the 

metastable pits,33 and the probability of stable pitting is directly linked to the occurrence 

and intensity of metastable pitting.34 A better understanding of the pit initiation, 

stabilization and growth may be gained from a thorough investigation of the metastable 

pitting phenomena.

The statistical analysis of the current noise generated during metastable pitting in the 

time domain is a valid approach to study the initiation, growth and repassivation of a 

microscopic pit. Previous work6,29’31’35'36,37,38 has demonstrated that the growth of 

corrosion pits occurs in two consecutive stages, characterized by metastable growth in the 

early period, followed by stable growth. The metastable pit growth may be terminated at 

any time, in which case the pit surface repassivates and the current drops sharply. The 

chances of achieving stability for the metastable pits increase as the potential is raised. 

Pistorius and Burstein6,35,36,37 studied 304 stainless steel in a chloride solution and 

suggested that pits grow under diffusion control. In the stage of stable growth, the 

diffusion barrier is provided by the depth of the pit itself. In the early metastable state, 

however, the barrier comes from a perforated cover, a remnant of the passive film, over 

the pit mouth. Bohni and co-workers29,39 also found that metastable pits are covered 

during growth and exhibit a constant current density. Rupture of the cover during 

metastable growth leads to the repassivation of the pit. They concluded that both
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metastable and stable pit growth rates are ohmically controlled. Only at very positive 

applied potentials is pit growth controlled by the mass-transport step. Pride and Scully7 

studied the current transients associated with pitting on high-purity aluminum over a 

range of potentiostatically applied potentials and received the same result.

Fundamental studies of metastable pitting process occurring on carbon steel are still 

lacking. In this section, the current noise generated during metastable pitting of A516-70 

carbon steel under potentiostatic control in bicarbonate/chloride solutions is statistically 

analyzed. The relationship between the current transient pattern and pit cover is 

discussed. The potential dependence of the initiation, growth and repassivation processes 

of metastable pits was studied. Finally, the pit sizes calculated from the current noise data 

and those measured under microscopy are compared to prove the correlation between 

current transients and metastable pitting events.

4.3.1 Current transients generated during metastable pitting of carbon steel

The current transients generated during metastable pitting of carbon steel can be 

recorded by adding chloride ions of an appropriate concentration to the base solution and 

controlling the applied potential. Fig. 4-10 shows the time series that corresponds to the 

applied potentials of -200 mV, -100 mV and -50 mV (Ag/AgCl) for A516-70 carbon steel 

in a 0.5 M NaHC(>3 + 0.01 M NaCl solution. One typical transient is enlarged in Fig. 4- 

11. The transient displays the typical shape characterizing metastable pitting of carbon 

steel, that is, a quick rise in current followed by a slow drop.40,41 In addition, the drop of 

the current from the maximum to its baseline is not smooth. It is initiated by a fast decay 

to an intermediate value, then falls to the original value with a number of fluctuations.

4.3.2 Potential dependence of the initiation of metastable pits

The influence of potential on metastable pitting is shown in Fig. 4-10. When the 

applied potential was at -200 mV, the current recordings were similar to those measured 

in a bicarbonate solution (Fig. 4-3) and no typical current transient was observed. For the 

potential at -100 mV, lots of typical current transients, indicating metastable pitting 

events,7 appeared after an incubation period of approximately 500 seconds. The 

comparison of current noise recorded at -100 mV and -50 mV indicates clearly that
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Fig. 4-10 Current noise recordings of A516-70 carbon steel at -200 mV (A), 
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Fig. 4-11 The details of the current transient.
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the peak values and the occurrence frequency of current transients increase with 

increasing potential. However, when the potential reached 0 mV, the anodic current rose 

quickly to a very high value, which is associated with the continuous growth of stable pits 

since the potential was applied. No fluctuation is apparent in such a case due to the large 

DC current shift In addition, the pitting incubation time strongly depends on the applied 

potential. It decreases with an increase in the applied potential. The incubation times are 

approximately 500 seconds and 240 seconds when the applied potentials are -100 mV 

and -50 mV, respectively.

4.3.3 Observation of pit morphology

Optical microscopic examination of the sample surface after tests revealed the 

presence of pits on the surface of carbon steel specimens. The mouths of all pits were 

approximately circular. These pits varied in diameter, but were mainly less than 3 pm, 

while only a few larger pits reached 9 pm in diameter. It was also found that both the pits 

and other regions of the electrode surface were always covered by the detached barrier 

layer or the outer precipitated layer, which can be cleaned up after ultrasonic cleaning. 

Fig. 4-12 shows the sample surface photographed microscopically with a magnification 

of 1,000 times before and after ultrasonic cleaning. It can be seen that a layer of deposited 

product was present over the pit mouth and other regions of the electrode surface.

4.3.4 Analysis of current transients during metastable pitting of carbon steel

The initiation of metastable pits on carbon steel is indicated by typical current 

transients, characterized as a quick current rise followed by a slow drop. Examination of 

the pits grown on the electrode surface revealed the presence of a deposited cover as 

shown in Fig. 4-12. It has been established42 that significant disruption of the pit cover 

leads to repassivation of the metastable pits although the cover over a pit must certainly 

contain flaws or defects for an ionic current to pass between the pit anolyte and the bulk 

solution. The deposit is probably the passive film covering the electrode surface and most 

likely some corrosion products as well.

The deposited cover is so porous that it is easily weakened. Openings in the film are 

produced at some susceptible sites due to the attack of chloride ions. At ruptures in
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Fig. 4-12 The microscopical photographs of the sample surface 
before (A) and after (B) ultrasonic cleaning.
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the deposited layer, metastable pits are initiated. The metastable pitting is indicated by a 

sharp rise in current, which always takes one or two seconds to reach the peak value. Pit 

growth is due to an increase in local acidity within the pit, as well as a concentration 

difference between the pit anolyte and the electrolyte outside the pit. These two results 

lead to the dissolution of the deposit layer over the pit and, consequently, further 

enlargement of the openings in the cover. Further expansion and rupture of the pit cover 

will cause the dilution of the solution inside the pit to below a critical aggressive 

concentration and then result in repassivation. The quick drop of current from the 

maximum to an intermediate value comes from repassivation of the internal surface 

within the pit. The following fluctuations during current decay may be associated with a 

new deposit over the pit mouth.

It is clear that the deposited layer over the metastable pits plays an important role in 

sustaining pit growth (small holes present on the cover) and causing repassivation (large 

rupture of the cover), and, consequently, producing the typical current transients.

4.3.5 Initiation of metastable pits

In general, all pits are metastable when they first start growing. Therefore, the 

mechanism of pit initiation is the same for both stable and metastable pits.32 In a chloride 

solution, the occurrence frequency of current transients is directly associated with the 

initiation rate of metastable pits. Fig. 4-13 shows the potential dependence of the pit 

initiation rate, which is defined as the ratio of the number of metastable pits during a 

certain period to the time, of A516-70 carbon steel during 4,000 seconds of immersion in 

a 0.5 M NaHCC>3 + 0.01 M NaCl solution. Since the current fluctuation range is about 2 

nA when A516-70 carbon steel is in a stable passive state (Fig. 4-3), it is reasonable to 

assume that the upper limit of background noise does not exceed this value. Therefore, 

each data point in Fig. 4-13 results from a count of the numbers of metastable pits giving 

current transients with an amplitude greater than 2 nA. No current transient was observed 

below the potential of -200 mV. The transient numbers became greater with increasing 

potential and reached a maximum at about -70 mV. The behavior above -70 mV showed 

a negative dependence of the pitting events on applied potential. This result is similar to 

others’ studies on stainless steels in chloride solutions.28,31,36
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The effect of applied potential on the occurrence frequency of metastable pits shows 

that there is a transitional potential (Ua), below which the pitting initiation increases with 

the potential. Above Uu, there is a negative role of potential in the rate of pit occurrence. 

The time dependencies of the cumulative numbers of metastable pitting events and the pit 

initiation rate for A516-70 carbon steel at -100 mV (below Ua) are shown in Fig. 4-14. 

The cumulative number of pitting events reached a constant value after a certain time. An 

initial linear increase in the pit initiation rate was followed by an exponential decay. 

Holliger and Bohni also found an exponential decay relationship for the nucleation 

frequency of the metastable pits in aluminum.43

The breakdown of the passive film and the pitting initiation can be well illustrated by 

the point defect model (PDM) of a passive film developed by Macdonald.23,44 According 

to the PDM, the passive film breakdown and pitting initiation in an aggressive solution 

are due to the anion-catalyzed cation vacancy condensation at the film/metal 

interface.45,46,47 Below the pitting onset potential (-200 mV in this work), the cation 

vacancy diffusivity in the “weak spots” is not high enough to nucleate pits. When the 

potential increases positively from pitting onset potential, more “weak spots”, 

characterized by high cation vacancy diffusivity, will be activated and become the 

potential pit nucleation sites. Therefore, the pit initiation rate increases with increasing 

potential. In addition, it has been reported that the pit induction time also decreases. 

When the applied potential is increased to reach a critical value, i.e., the transitional 

potential of -70 mV in this work, the pit initiation rate is found to decrease with 

increasing applied potential. Under this potential, the electronic structure of the space 

charge layer of the passive film changes, and leads to the alteration of the types of cation 

vacancies involved in the passive film growth and dissolution. The exact mechanism will 

be discussed in Chapter 7. Once the applied potential reaches the pitting potential, which 

is about -20 mV, the condensation of cation vacancies at the metal/film interface causes a 

macroscopic decohesion of the passive film from the metal. When the breakdown of a 

passive film has occurred over a macroscope scale, the high dissolution rate of the 

substrate will inhibit the re-formation of the film. Accordingly, the system does not 

passivate and the initiation rate of the metastable pits drops to zero quickly.
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There is indeed a maximum potential sites to initiate pits on the electrode surface for 

a given system. After repassivation of a metastable pit, that site will become unavailable 

for the subsequent pitting events because the repassivated site is more noble to other sites 

and, hence, a galvanic cell ensures the repassivated film does not break. The observed 

decrease in the pit initiation rate with time is due to a dwindling population of susceptible 

sites.

4.3.6 Growth of metastable pits

The growth of metastable pits has been well documented in the literature. For 

example, Pistorius and Burstein found that each metastable pit grew under diffusion 

control for 304 stainless steel,36,37 while Frankel’s work showed the ohmic resistance 

control of the porous pit cover for 302 stainless steel.8 Pride et al.7 suggested that both 

metastable and stable pit growth rates on high-purity Al were ohmically controlled in 

chloride solutions at potentials both at and below £ P j t .  At very positive potentials the pit 

growth was mass-transport controlled. Bohni et al.28,29 *38 also got identical results.

Fig. 4-15 shows the relationship between the applied potential and the average pitting 

current density at peak pit current for all metastable pits for A516-70 carbon steel during 

4,000 seconds of immersion in 0.5 M NaHCC>3 + 0.01 M NaCl solution. It is assumed49 

that the generation of current transients is caused by pitting initiation, while the increase 

in current indicates the growth of the metastable pits. When the peak current is reached, 

the pit growth terminates and the pit begins to repassivate. Therefore, the total pit growth 

charge can be calculated by integrating the current-time curve over the time period 

between the pit initiation point (current rise) and the termination point of the pit growth 

(current maximum). The pitting current density is then obtained for each metastable pit 

from the peak pit current and the pit size by use of Eq. 4-11 with the assumption of 

hemispherical geometry.

(4-11)
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where rPjt is the pit radius, W is the atomic weight, z is the chemical valence, F  is 

Faraday’s constant, p  is the density of the electrode material, t\ is the time point to initiate 

pits, tf is the time point when the peak current is reached, /peak and /org are the peak pit 

current and the original current, respectively.

It was evident from Fig. 4-15 that the pitting current density linearly depended on the 

potential with a slope of 47.6 Q '‘cm'2 between -200 mV and -50 mV. Above -50 mV, no 

typical current transient was observed and the current increased to a high value in a short 

time. Below -200 mV, there was no typical transient, either.

In the intermediate potential range, the pit growth is not under diffusion control since 

the current density is potential dependent. It is also clear that the pit growth does not 

follow a simple activation-controlled kinetics because the Tafel-type relation50 between 

current density and potential is not observed. The results presented suggest that the 

growth process of the metastable pits is ohmically controlled at potentials between -200 

mV and -50 mV. This result is based on the following calculation. The corrosion 

potential of A516-70 carbon steel in the given solution is -260 mV. If the applied 

potential is assumed to be 0 mV, the total overpotential is 260 mV. The average pitting 

current density corresponding to an applied potential of 0 mV is about 10.7 A/cm2 from 

Fig. 4-15. The product of a 10.7 A/cm2 pitting current density and 0.021 C2 cm2 resistance 

(reciprocal of the slope) yields a potential of 225 mV, which is a large fraction (about 

86.5%) of the total overpotential. Therefore, the effective ohmic resistance dominates the 

relationship between the applied potential and the pitting current density, while the 

activation and concentration overpotentials are minor contributors.

The ohmic overpotential during the metastable pit growth may come from three 

aspects: the anolyte within the pits, the cover over the pit mouth and the bulk electrolyte. 

It has been shown that ohmic potential drops within small pits are insignificant due to 

high acidity and aggressive local environment inside pits.51 In order to estimate the 

fractions of potential drop across the pit cover and that contributed by the bulk 

electrolyte, the pit size dependence of the pitting current density was measured. The 

results are shown in Fig. 4-16. If the potential drop in the bulk electrolyte plays a major 

role in the total potential drop, the current is mainly determined by the bulk solution 

resistance, which is almost constant for a given electrolyte. The pitting current density is,
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therefore, equal to the approximately constant current divided by the pit area. So the 

pitting current density will depend on the pit radius. However, it was found from Fig. 4- 

16 that the pitting current density was independent of the pit radius at different applied 

potentials although an increase in potential caused an increase in pitting current density. 

Therefore, it is clear that the exact nature of the deposited cover over the pits is important 

in determining the resistance and thus controlling pit growth. Consequently, the current 

density-potential curve shown in Fig. 4-15 result mainly from the influence of an applied 

potential on the pit cover.

4.3.7 Repassivation of metastable pits

It has been analyzed in the above sections that the dissolution of the deposited cover 

over the pit mouth by the large concentration difference within and outside the pit may 

cause rupture of the pit cover. Immediately after the cover ruptures to form a large 

opening, the pit solution and the bulk electrolyte mix and the pit repassivates.

The current decay during repassivation in this work approximately followed an 

exponential law. The repassivation time, defined as the period between the maximum 

value of current and its recovery to its original value, is an appropriate parameter 

describing the repassivation process kinetics. Fig. 4-17 shows the potential dependence of 

the mean repassivation time calculated over all the metastable pitting events for A516-70 

carbon steel during 4,000 seconds of immersion in 0.5 M NaHCC>3 + 0.01 M NaCl 

solution. The results indicate that the repassivation time is potential dependent. An 

increase in potential causes a decrease in mean repassivation time. Since a porous cover 

over the pits is mainly responsible for pit repassivation, it is reasonable to assume that the 

deposit of pit cover depends on the applied potential. From the current transient pattern 

shown in Fig. 4-11, the repassivation process is divided into two stages: the quick drop of 

current to an intermediate value and then a slow decay to the original value with a 

number of fluctuations. Comparing the current drop processes, at different applied 

potentials, it is found that the times during the quick current drop are alhiost identical. 

The decreased repassivation time with increasing potential is mainly due to the decrease 

in the duration of the second repassivation stage, that is, the fluctuating current drop 

stage. However, the exact reason that potential affects the cover deposit is still not clear
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at this stage. The potential dependence of the repassivation time is valid only within the 

passive potential range. When the potential continues to increase and exceeds the pitting 

potential, repassivation becomes impossible. Therefore, the repassivation time goes to 

infinity when U > Upu.
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Fig. 4-19 Comparison of the probability distribution of pit radius 
calculated from the current noise data and that measured under 
an optical microscopy for A516-70 carbon steel at -50 mV.

4.3.8 Distribution of pit size

In general, the diameter of a metastable pit is only of the order of a few micrometers.6 

Integration of the current-time recordings from the initiation point of the metastable pits 

to the peak pitting current can give the charge passed during pit growth. From the charge 

for each pitting event, the metastable pit sizes at peak current can be calculated from the 

Faraday relationship (Eq. 4-11) assuming a hemispherical pit geometry.

77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The average radius of each pit can also be determined through optical 

microphotography by measurment of the diameter across the pit mouth. The measured pit 

radii are compared with the calculated values from the current noise data in Fig. 4-18. It 

is clear that they are very close. Therefore, it can be concluded that Eq. 4-9 gives a good 

approximation of the pit sizes for the present system. It can also be seen from Fig. 4-18 

that about 80% of the calculated pit radii are less than 2 pm, and the distribution of actual 

pit sizes is slightly larger than the distribution of pit sizes calculated from the noise data 

for the larger pits. The likely explanation for this discrepancy is that the large pits are 

slightly dish-shaped, with a depth smaller than the radius of the pit mouth although the 

effect of this distinction has been shown to be small.

In order to prove the validity of the above comparison, the radii of the pits on the 

specimens at -50 mV have been calculated from the current transients and measured by 

microscopy. The results are shown in Fig. 4-19. It is seen that the distribution of the 

calculated pit sizes is close to that of the measured values. The radii of more than 70% of 

the metastable pits are about 3 -4  pm. Therefore, it is reasonable to assume that the pits 

are hemispherical in geometry for calculation of the pit radii for this system.

4.4 The Transition of the M etastable Pitting towards Stability and the 

Determination of Transition Criterion

The electrochemical noise generated during metastable pitting has been analyzed 

statistically and spectrally to provide information about the early development of stable 

pits.6,7,8,9,28,34’39,52 The transition from metastable to stable pits and the criteria for pit 

stabilization have been defined.17,37 Some research work related to the pit stabilization are 

summarized here.

Pistorius and Burstein6,37 developed a diffusion-based criterion for the stable growth 

of an open hemispherical pit on 304 stainless steel in a chloride solution. They assumed 

that the metal cation concentration on the surface of a growing pit is determined by the 

balance between the production of cations by the metal dissolution and the transport of 

cations away from the dissolving surface. The entire anodic dissolution current is carried 

by the diffusion of metal cations out of the p it If the metal cation concentration in the
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bulk solution is zero, the concentration difference between the pit interior surface and the 

bulk solution away from the pit must be greater than 3 M to sustain pit growth,53 which 

determines the lower limit of the pit stabilization. The upper limit is defined by the 

solubility of the metal salt, which requires that the above concentration difference must 

be smaller than 4 M.54 Therefore, the requirement for stable pit growth is 

03Am '1 < 0.6A m '\ where i?n is pitting current density and rPjt is radius of the

pit The product rpit*rp& is called the pit stability product The stable growth of pits 

requires the pit stability product to exceed 0.3 Am'1, or else the pit will be repassivated.

The pit stabilization criterion derived by Williams et al.34 is that the ratio of peak pit 

current to pit radius, /Pi/rPjt, must exceed a value of approximately 4 x 10‘2 A cm'1. 

Galvele55 also determined that the stable pit growth occurred at /pitrpit> I O'2 A cm'1. This 

relationship stems from the need to maintain a critically concentrated aluminum chloride 

pit chemistry to keep an active pit Pride et al.17 studied the EN generated during pitting 

in aluminum, aged Al-2% Cu and AA 2024-T3 Al alloys and concluded that the pit 

stabilization occurs when individual pits exceed a threshold value of /pi/rpiv>10'2 A cm'1 at 

all times during pit growth.

In this section, the transition of the metastable pits to stable pits on A516-70 carbon 

steel is investigated by the single-event approach and statistical analysis of multiple 

pitting events. In the case of single-event analysis, the pit size, pit growth charge and 

pitting current density have been determined from an individual pitting event, i.e., one 

typical current transient obtained potentiostatically. The results have then been compared 

with the criterion for pit stabilization. In the case of the statistical method, a large number 

of metastable pitting events generated by galvanically coupled electrodes over a certain 

time period have been analyzed to gain insight into the pit stabilization process.

4.4.1 Analysis methods

4.4.1.1 Calculation o f pit size and analysis o f single pit events

The typical current transients generated during metastable pitting reflect the initiation, 

propagation and repassivation of the pits. The pit size, directly related to the dissolution 

rate inside the pits, can be calculated from the current noise data.
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The pit growth charge passed over time from the pit initiation point to the peak pit 

current is determined for each current transient. From the pit growth charge, the radius of 

the metastable pit is calculated from Eq. 4-11. The pitting current density at the peak pit 

current is then obtained by dividing the peak pit current by the area of the metastable pit 

The ratio of the peak pit current to the pit radius, /Pit/rPH, is generally used as the pit 

stabilization criterion based on the analysis of single pitting events.17

4.4.1.2 Statistical analysis o f multiply pitting events

A statistical method can be applied to analyze the current noise data generated from 

galvanically coupled electrodes. The following equation17 is used as a pit stabilization 

factor (PSF) for a time record containing multiply pitting events:

PSF = i n - 1   ^  r.m.s.

total
(4-12)

where n is the number of data in the time record, I  is the galvanic current measured with 

the ZRA, and /r.m s. is the r.m.s. value of the galvanic current. This equation is similar to 

/Pit/rpit used for a single pit, but includes all current data, not just the peak pit current.

Another statistical parameter is the pitting index (PI), which is defined as the standard 

deviation of current divided by its root mean square value in Eq. (2-2). PI values far less 

than 1 have been taken to indicate general corrosion, whereas numbers greater than or 

equal to 1 may indicate a localized corrosion process.56

4.4.2 Results and Discussion

4.4.2.1 Analysis o f single pitting events (potentiostatic control)

Metastable pitting events were generated for A516-70 carbon steel at combinations of 

potential and Cl* concentration. Fig. 4-20 shows the influences of chloride ion
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Fig. 4-20 Current noise recordings of A516-70 carbon steel a t -50  mV when 
immersed in 0.5 M NaHC03 solution containing different amounts of Cl'.

concentration (at a constant U = -50 mV) on metastable pitting. The effect of applied 

potential on pitting has been shown in Fig. 4-10. From these two figures, it can be seen 

that an increase in Cl* concentration or applied potential is correlated with increasing 

number and magnitude of the current transients. Stable pits were sometimes observed at 

more positive potentials in high Cl' concentration.

The electrochemical criterion for pit stabilization always maintains17,34,55 that the ratio 

of /Pi/rPit must exceed a critical value to maintain the active pit A large population of 

individual pitting transients generated at different applied potentials in 0.5 M NaHCC>3 + 

0.01 M NaCl solution has been statistically analyzed. The relationship between peak pit
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current and pit radius calculated from pit charge (Eq. 4-11) is shown in Fig. 4-21. A 

threshold value for the transition from metastable to stable pitting is revealed. As 

potential increases, both the peak pit current and the pit radius increase toward the Ipi/rpn 

= 2 x 10*2 A cm*1 line. Pits below this line will repassivate because the 2xl0*2 A cm*1 

criterion is not m et In such a case the pit solution soon becomes too diluted to maintain 

an active pit. Above the potential of 100 mV, the stable pits will develop, which is 

indicated by the quick increase of current when the potential is applied immediately. 

Therefore, no typical current transient is observed.

The local corrosivity inside the pit can also be altered by changing Cl* concentration 

in the testing solution. Fig. 4-22 shows the relationship between the peak pit current and 

the pit radius for A516-70 carbon steel potentiostatically controlled at -50 mV in 0.5 M 

NaHCOs solution containing different amounts of chloride ions. The pit stabilization 

criterion of /pi/rp,t = 2 x 10*2 A cm*1 is clearly indicated. Below 0.2 M Cl* concentration, 

the ratio of the peak pit current to the size of metastable pits does not reach this criterion 

and the metastable pits can be repassivated. When Cl* concentration reaches 0.3 M, stable 

pits form and the current increases very quickly when the potential is applied.

According to the statistical analysis of single current noise transients generated during 

metastable pitting of carbon steel, it is concluded that a criterion can be established to 

indicate the transition from metastable to stable pitting. The ratio of the single peak pit 

current to the pit radius must exceed 2 x I0*2 A cm*1 during stable growth of pits to avoid 

repassivation.

4.4.2.2 Statistical analysis o f multiple pitting events (galvanic coupling)

The current noise of galvanically coupled A516-70 carbon steel specimens has been 

monitored in 0.5 M NaHC(>3 solution with chloride ions ranging from 0.01 to 0.5 M. 

Table 4-1 presents the statistical analysis results of some parameters as a function of Cl' 

concentration. The PI statistically calculated in the solution containing 0.01 M Cl* 

approached zero, indicating uniform dissolution of the passive film. When Cl* 

concentrations were above 0.05 M, PI increased towards one, indicating pitting. 

However, PI changed irregularly when Cl* concentration increased continuously.
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Table 4-1. Statistical analysis of multiple metastable pitting events for A516-70 carbon 

steel during 1,024 seconds of immersion in 0.5 M NaHCC>3 solution containing 

different concentrations of chloride ions

Solutions frms (pA) a/(pA) rtotai (pm) PSF (A/cm) PI

0.01 M c r 1.09E-4 7.20E-6 0 00 0.07

0.05 M Cl' 2.58E-4 2.55E-3 4.29 6.02E-6 0.98

0.1 M Cl' 2.37E-4 2.16E-2 32.45 7.31E-6 0.91

0.3 M c r 5.32E-4 4.99E-2 61.32 8.68E-6 0.94

0.5 M Cl* 9.77E-4 8.55E-2 101.39 9.63E-6 0.88

The statistical parameter of /r.m.s/hotai provides some indication of an increasing 

likelihood of pitting with an increase in Cl' concentration, especially in comparison with 

0.01 M Cl'-containing solution, in which the pit stabilization factor approaches infinity 

and shows no metastable pitting. However, the results presented in Table 4-1 are still 

unsatisfactory because the total pit radii and r.m.s. current are used. Their ratio with the 

order of magnitude of 10"6 A cm'1 is much smaller than 2xl0*2 A cm'1, a critical ratio 

established from potentiostatic experiments to indicate the transition from metastable to 

stable pitting. The r.m.s. current is smaller than the peak pit current, and the total pit 

radius representing the sum of all pit radii is larger than the mean pit radius from a 

number of pitting events. Therefore, the modification of this parameter, the mean of the 

ratio of peak pit current to pit radius, is expected to provide a better indication of pitting 

severity. Table 4-2 shows the mean of this ratio for all current transients and the 

maximum value of this ratio in 0.5 M NaHCC>3 solution containing different amounts of 

chloride ions (data in 0.01 M Cl'-solution were omitted because no current transient was 

observed). Both the mean and maximum ratios increase with increasing Cl* 

concentration. This result qualitatively indicates the increasing trend towards stable
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pitting when the Cl' concentration increases. Although these ratios are larger than the 

statistical results of /rms/rum, they are still significantly below the 2x1 O'2 A cm'1 criterion.

Table 4-2. Statistical analysis of the mean and maximum values of Ipjrpn 

obtained from the noise data in Table 4-1

Solutions Mean /pit/rpjt (A/cm) Maximum /pit/rpjt (A/cm)

0.05 M c r 2.96E-4 4.12E-4

0.1 M c r 8.53E-4 1.25E-3

0.3 M c r 1.54E-3 1.97E-3

0.5 M c r 2.18E-3 3.12E-3

Pride et al.17 analyzed this underestimation and thought that the discrepancy was 

caused by the fact that only a portion of the anodic current required by the pit site on the 

first electrode during its growth period is actually measured by the ZRA. The measured 

ZRA coupling current from the second electrode during a pitting event is given by

whereas the true anodic current at the pit is

- / « ) + ( /„ ,  + / „  + (4-14)

where 70X is the galvanic current between two passive electrodes, is the faradic 

cathodic current on the passive surfaces, C is the passive electrode interfacial 

capacitance, A\x is the area participating in capacitance discharge, Im  is the current
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associated with hydrogen evolution in the pit, and dU/dt is the potential transient when a 

pit forms and the potential is shifted negatively.

The error introduced from the CdU/dt term may be lessened in the potentiostatic case 

because the potentiostat attempts to keep a constant applied potential. However, in the 

galvanic case, if the CdXJ/dt term on the first electrode is larger than the galvanic current 

from the second, then a large discrepancy may be observed between potentiostatic and 

the galvanic results even for the same testing conditions. Anyway, the statistical pit 

stabilization factors given by the ratio of /mŝ totai and the mean of (/peak - /0rg)/rPit can be 

used to track the development of metastable pitting with increasing Cl* concentration 

more effectively than the pit index (PI).

4.4.2.3 Physical meaning o f the pit stabilization factor -  IPi/rpit

In order to understand the physical meaning of the pit stabilization criterion of /Pi/rPit 

mentioned in this paper and others’work,17,34 it is helpful to consider the conditions inside 

a growing pit. The aggressiveness of the anolyte developed within a propagating pit 

results from a low pH and a high chloride concentration. The concentration of metal 

cations within the anolyte is a useful measure of the aggressiveness, since it is this 

concentration that produces the change in electrolyte composition.57,58 It has been 

established that the steady-state diffusion rate from an open hemispherical pit is given by:

where dm/dt is the corrosion rate, k is a constant, D is the diffusion coefficient, and AC is 

the concentration difference of cations between the bulk solution and the pit anolyte. 

Considering dm/dt = /p,-/zF, it is evident that the concentration difference is linearly 

related to the ratio of pit current to pit radius:

dt
(4-15)

(4-16)

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



It has been shown6 that the metal cation concentration produced by dissolution must 

be greater than a certain value of saturation to sustain rapid dissolution inside the pit This 

value of the saturation provides the lower limit on the metal cation concentration in the 

growing pit. From Eq. 4-14, /Pi/rPit can give a critical value, below which the pit anolyte 

is not aggressive enough to maintain pit growth and repassivation is inevitable, and above 

which the requirement for stable pit growth is met. In the present system, the pit 

stabilization criterion for A il6-70 carbon steel in chloride-containing solutions is 

determined as /pi/rpu = 2 x I O'2 A cm*1.

4.5 The role of chloride ions in pitting of carbon steel

The pitting corrosion of metals has been commonly considered as being developed in 

two stages: initiation and propagation. Although there is a general agreement concerning 

the mechanisms of the propagation stage, doubts still remain about the process leading to 

the initiation of pits on the surface of a passive film.59 Many theories have been 

developed to understand pitting initiation, such as local acidification theory,55,60 

depassivation-repassivation theory,61,62 chemical dissolution theory,63 point defect 

model,64,65 chemical-mechanical models,66,67 and anion penetration/migration 

models.68,69,70 Of the various theories, there is a common requirement for the initiation of 

pits: the adsorption of aggressive ions, such as chloride ions. However, the role of 

chloride ions in pitting processes, especially the initiation stage, is controversial. 

Newman thought that Cl* increases the conductivity of electrolyte and then the 

dissolution rate to support activation of the pit sites.71 Galvele’s results showed that 

maintaining a sufficient transport of Cl* from the bulk electrolyte to the pits is the 

necessary condition to sustain the propagation of metastable pits.60 Others thought that 

the main role of Cl* lies in increasing the initiation process itself by increasing the 

number of susceptible sites35 or decreasing pitting potential.72,73

Analysis of EN signals during metastable pitting can provide useful information 

about the influences of chloride ions on pitting. For example, Bertocci and Ye74 

compared the current fluctuations of stainless steel in the absence and presence of Cl* and
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concluded that the most important effect of Cl* lied in increasing the chance of local 

breakdown of the passive film. Uruchurtu and Dawson75 monitored the potential of pure 

aluminum in distilled water and d'-containing solutions and found that the potential 

fluctuations were also observed in the absence of chloride ions. They suggested that a 

dynamic cracking/healing process occurred at defect sites in the pure aluminum oxide 

film. Cl* was largely responsible for preventing repassivation rather than promoting 

breakdown. Hashimoto et al.49 statistically analyzed the potential noise generated during 

pitting of pure iron and concluded that the reaction order of the chloride attack was 

approximately 2. They also showed that the concentration of chloride ions affected not 

only the transition from metastable to stable pits, but the spatial distribution of pits.

The corrosion of carbon steels in aqueous carbon dioxide (CO2) solutions has been 

given much attention because of the extensive use of such material in sweet oil and gas 

fields.76 Sweet wells deliver formation water, which contains chloride ions (Cl*) and 

bicarbonate ions (HCC>3*) in various concentrations.77 Although much research has been 

carried out to elucidate the corrosion and stress corrosion cracking behavior of pipeline 

steel in bicarbonate solutions, less work has focused on corrosion problems of carbon 

steel in bicarbonate solutions in the presence of Cl*.78,79

This section investigates the fundamental role of Cl* in pitting of carbon steel in a 

bicarbonate solution. The effects of Cl* on pitting process have been studied by statistical 

analysis of the potential and current noise generated during metastable pitting of 

galvanically coupled A516-70 carbon steel specimens.

4.5.1 Polarization characteristics of carbon steel and competitive adsorption model

The polarization curves of A516-70 carbon steel in 0.5M NaHCC>3 solution without 

and with various concentrations of chloride ion are shown in Fig. 4-23. It is seen that 

carbon steel passivates in a 0.5M NaHCCb solution with the passive potential ranging 

from -lOOmV to 950mV. The anodic polarization behavior of carbon steel is remarkably 

affected by the addition of chloride ions. The passive range and the pitting potential 

decrease with increasing Cl* concentration. When the amount of chloride ions reaches 0.5 

M, the passivity of carbon steel cannot be maintained. It is clear that chloride ions
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are responsible for the degradation of carbon steel passivation in bicarbonate solution. 

C/pit decreases linearly with the logarithm of Cl* concentration, as shown in Fig. 4-24.

cUolt
(------ -— = constant (4-17)
V l o g ™  1

This result is exactly consistent with the prediction given by the point defect model.23,48 

According to PDM, the expression for the critical breakdown potential for a single 

breakdown site is derived as

4.606RT,  , J u , 2.303R T , , .. to,
u - mi ^ ^ l08(7 v ^ ) - ^ r l08(C“ • , ( 4 - l 8 )

where % is the barrier layer stoichiometry (MOx/2), as/0 is the transfer coefficient for the 

reaction occurring at the interface between the inner barrier layer and the outer 

precipitated layer, and Jm is the flux of the cations. Other parameters are as defined as 

normal.

Considering the slope of the linear relationship between Upn and log[CI*] found in this 

work, 9C/Pjt/31og[Cr] = -0.45. The transfer coefficient of the reaction at the 

barrier/precipitated layer is calculated as

2.303*T aiog[C/-] 0.06 A1,a  = ------------- x — —— - = ----------= 0.13 (4-20)
F  dUpu -0.45

The value of a small transfer coefficient indicates that the potential drop across the 

interface is not very sensitive to the applied potential. This result may be caused by the 

shortage of experimental data and, hence, the error during the fitting of the linear slope.

4.5.2 Chloride ion concentration dependence of pitting initiation

Comparing the current and potential recordings in the absence and presence of 

chloride ions (Figs. 4-3 and 4-5), it is obvious that the addition of Cl* results in the
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degradation of passive film and the initiation of pits. When Cl' concentration increases, 

the frequency of Cl' attack on the passive film increases, which is reflected by the 

increasing number of the current transients (Fig. 4-20). So it is reasonable to assume that 

one of the main roles of Cl* in pitting is to increase the chance of breakdown of the 

passive film.

Fig. 4-25 shows the effect of Cl' on pit initiation of A516-70 carbon steel. The pit 

initiation rate (A.) is calculated by the total number of current transients during a certain 

time period divided by the time. It is seen that X increases at first, and then decreases with 

the immersion time. The time dependence of the pit initiation rate follows the law:

X(t) = >1(0)exp(a/) 0<t< i

X{t) = X(r) exp[-6(/ -  r)] t >x (4-21)

where X(0) and X(t) are the pit initiation rates at t = 0 and t = z, respectively. The 

variables of a and b are the rising and decaying parameters (s*1). In the case of 0.05 M 

Cl', X(0) and X(i) are equal to 5.06 x 10-4 s'1 and 3.11 x 10'2 s'1, and a and 6 are 2.55 x 10' 

3 s'1 and 5.14 x 10'3 s '1, respectively. When Cl' concentration is 0.1 M, X(0) and X(t) are 

4.49 x 10'3 s'1 and 9.31 x 10'2 s'1, and a and b are 1.39 x 10*2 s*1 and 9.75 x 10'3 s'1, 

respectively. The increase in pit initiation rate with time in the first stage is mainly due to 

the attack by Cl' on the passive film to initiate pits. After a maximum value, the pit 

initiation rate decreases with time. The decrease should be attributed to the decreasing 

number of active sites because there is indeed a upper limit of potential pitting sites for a 

given system. Although some authors9 believed that this decrease in pit initiation rate was 

caused by the passive film growth, it seems that the passive film could not develop 

continuously in Cl'-containing solutions in the present system. The solution containing a 

higher CT concentration will be more aggressive; therefore, there is a larger pit initiation 

rate and the transition of metastable pits to stable pits is easier.

The attack of chloride ions on the passive film and the initiation of pitting mainly 

occurs in the first stage, that is, t < t. Figs. 4-26 and 4-27 show the effects of Cl' 

concentration on X(0) and a, respectively. The average value of X(0) was approximately
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proportional to the third power of the concentration of chloride ions. From Fig. 4-27, it is 

found that despite the large scatter of a, there is no obvious relationship between a and 

Cl' concentration. The following equation can be used to summarize these results:

A(t) = k[Cr ]3 exp(af) (4-22)

where k and a are independent of Cl* concentration and immersion time. This equation 

suggests that the reaction order between chloride ions and passive film is approximately 

3. This result is consistent with Baroux’s work.80 He studied the kinetics of pit generation 

on stainless steel and determined that the pit generation rate was proportional to the third 

power of the CT concentration. However, Hashimoto’s results9 on pit initiation showed 

that the reaction order of chloride ions was 2. The different test methods and test 

materials may cause this difference.

4.5.3 Chloride ion concentration dependence of pit growth

The quick rise in current and drop in potential indicate the breakdown of passive film 

and the initiation of metastable pits. The amplitudes of current and potential transient 

peaks are related to the concentration of Cl*. Fig. 4-28 shows the chloride ion 

concentration dependence of the pitting growth current, which is defined as the average 

amplitude of (/peak - /org) over 1,000 points, where /peak is the peak current and /org is the 

original passive current before the current transient. It is seen that / P j t  continuously 

increases with Cl* concentration. If the critical condition for pit stabilization is not 

reached, a higher Cl* concentration will lead to a more aggressive solution and a larger 

pitting current

During pit growth, the peak potential also depends on Cl* concentration. In Fig. 4-29, 

the average peak potential (<{/peak>, mV) of A516-70 carbon steel over 1,000 points is 

plotted against the logarithm of Cl* concentration. It can be seen that < U ^>  changed in 

the negative direction when Cl* concentration increased:

= -308-93log[C/-] (4-23)
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It has been analyzed9 that potential is a controlling factor for pit growth termination 

and then repassivation. If the potential shifts to a more negative value as the pit grows, 

the driving force for pit growth will decrease, and pit growth terminates finally. In the 

present work, the potential drops very quickly to a low value after a pit is initiated. The 

driving force of pit growth decreases quickly, so only metastable pitting phenomena are 

observed. In the case of a stable pitting, the potential is always observed as a slow drop. 

In addition, the average peak potential depends upon CT concentration in a logarithmic 

fashion, which is identical to the chloride ion concentration dependence of the pitting 

potential derived in Eq. 4-15. This suggests that the average peak potential is somehow 

related to the pitting potential. Although Hashimoto’s result9 showed that the maximum 

peak potential approximately corresponded to pitting potential, the quantitative 

relationship between them was still lacking.

4.5.4 Chloride ion concentration dependence of pit repassivation

It has been analyzed that electrode capacitance plays a major role in potential 

fluctuations, and the discharging process of electrode capacitance is responsible for the 

slow recovery of potential. Only the current recovery directly reflects the repassivation 

process of metastable pits. In order to clarify the effect of chloride ions on the 

repassivation process, current transients have been investigated and the repassivation 

times statistically analyzed. Fig. 4-30 shows the probability distribution of the 

repassivation time of metastable pits for A516-70 carbon steel immersed in the Cl*- 

containing solutions. It can be seen that there is little change of the probability 

distribution of the repassivation time of metastable pits when Cl* concentration is 

changed. More than 90% of the repassivation times lay in 1 -  4 seconds in the solutions 

containing different concentrations of Cl*. Therefore, it can be concluded that there is 

little effect of chloride ions on the repassivation process of the metastable pitting of 

carbon steel.
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4.6 A statistical analysis of the distribution law of metastable pitting events on 

carbon steel

Statistical analysis of the EN during pitting corrosion of metals is an effective method 

to extract the basic information.1,81,82,83,84,85,86 Two processes related to the generation of 

EN during metastable pitting are the breakdown of the passive film and the repassivation 

of pitted areas.6,9,29’87

The statistical approach to pitting studies has always been attractive. Williams et 

al.81,82,83,88 considered a global stochastic model involving a pre-pitting stage and a stable 

pitting stage. They concluded that a simple local acidification model is valid to describe 

pitting initiation. The birth and death events of pits are controlled by fluctuations in the 

thickness of the solution boundary layer. Of all the statistical models describing pitting, 

the Poisson distribution of pitting events is the most popular. A Poisson random process 

describes a time signal, either current or potential, with discrete excursion from a base 

state.89 Each event can be associated with the formation of a metastable pit.90 For 

example, Hashimoto et al.9 analyzed the potential fluctuations during passive film 

breakdown and repair on iron and concluded that a pit nucleation event can be 

approximated to a Poisson process and pit nucleation rate can completely describe this 

step.

The mutual effect among pitting events is possible if the following facts are
fiOconsidered: local variations in electrochemical potential fields and chemical 

concentration gradients90 around the pit sites, alteration of oxide film properties adjacent 

to pit sites91 and over newly repassivated pits,43 etc. These local alterations of conditions 

caused by previous pits may be expected to die out more slowly than the pit repassivation
O t t

process, and thus affect the behavior of subsequent newly formed pits. Bertocci et al. 

analyzed the stochastic current fluctuations of Fe-Cr alloys in a chloride solution and 

found that a homogeneous Poisson process cannot model the breakdown of the passive 

film. The clustering of current transients and the mutual dependence between the interval 

times are clearly observed. When rigorous analyses are applied to the experimental data, 

the interval times are generally neither independent nor identically distributed. Shibata92 

also pointed out that the mutual interaction of pitting results in a deviation of pit
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occurrence distribution from the ideal Poisson distribution. Recently Scully and

pitting, where individual pitting events are independent and follow a Poisson distribution, 

to a high-activity state, where correlation exists among the pitting events and a large 

deviation from Poisson distribution statistics.

The present section is aimed at determining the conditions where the metastable 

pitting events generated on A516-70 carbon steel are independent of each other and 

follow the Poisson distribution, and where the distributions are non-Poissonian and the 

metastable pitting events influence subsequent events. The susceptibility of carbon steel 

to pitting is altered through controlling immersion time, applied potential, and chloride 

ion concentration. The current noise data were recorded from two kinds of experiments: 

two galvanically coupled carbon steel working electrodes and one electrode under 

potentiostatic control.

4.6.1 Analysis methods

The autocorrelation function of a stochastic process describes the general dependence 

of values at any instant on previous values. A plot of the autocorrelation function vs. lag 

time indicates the degree of memory of the process. If /t, for t = I, 2... n, denotes the 

sequence of measured current, the value of the autocorrelation function (ACF) at the data 

points /, and 7t+k can be calculated according to the formula

coworkers89 8:>developed a cooperative model describing the transition from low-activity

n

^m ean )(/,♦* -  ^  mean )
ACF = n

(4-24)

l e w ™ ) 2

where

(4-25)
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The autocorrelation plot is a graph of the ACF values vs. the lag time, for k = 1, 2... n. 

There is a lower correlation for the curves with smaller autocorrelation values. As the 

interaction among events is strengthened, the autocorrelation degree increases.

Another method to determine if the individual events are dependent on each other is 

to compare this process to a Poisson distribution, in which there is no cooperation among 

events. For a Poisson distribution

where Nmcdn is the average number of metastable pitting events (N) which occur in a 

given time interval and a  is the standard deviation of N. In a a  vs. .-=■ - plot, all
^  mean y  N m ea n

points should lie on the diagonal for a Poisson distribution. The larger the deviation of the 

points from the diagonal, that is, the Poisson distribution, the stronger the cooperation of 

pitting events.

4.6.2 Results

4.6.2.1 Galvanically coupledA516-70 carbon steel

The current noise of A516-70 carbon steel after 1,5 and 10 hours of immersion in 0.5 

M NaHC03 + 0.1M  NaCl solution is shown in Fig. 4-31. The common feature of current 

transients is a quick current rise followed by a slow recovery. Each transient indicates a 

metastable pitting event.86 Compared with the current noise recorded after 1 hour of 

immersion, the amplitude and occurrence frequency of current transients increased after 5 

hours of immersion. When the electrodes were immersed in the solution for 10 hours, 

there was little change of the amplitude of current transients; however, the transient 

number decreased. The pit initiation rate as a function of the immersion time is shown in 

Fig. 4-25. In both solutions the pit initiation rate increased with time in the beginning, 

then decreased during immersion. Therefore, the pitting activity, indicated by the pit
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initiation rate, increases with immersion time at the first stage, then decreases after the 

maximum pitting activity is reached.

It has been discussed that the increase in pitting activity, that is, pit initiation rate, 

with time in the first stage is mainly caused by the attack of Cl' on the passive film and 

the initiation of metastable pits. However, there is indeed a maximum number of 

potential pit sites on the electrode surface for a given Cl* concentration. Once a 

metastable pit grows and repassivates at a given site, that site is no longer available.37 

Therefore, there is a maximum value of pit initiation rate with immersion time. In 

addition, metastable pits will change towards stable pits when the corrosivity of the 

solution increases. In general, the higher the Cl* concentration, the more aggressive the 

solution, then the higher the pit initiation rate and the easier the transition to stable pits.

The comparison of the Poisson distribution at three immersion times is shown in Fig. 

4-32. The data calculated from 1 hour of immersion fell only slightly above the diagonal, 

indicating that the distribution of pitting events is almost Poissonian. After 5 hours of 

immersion, the curve was far away from the diagonal and the degree of Poisson 

distribution dropped. When the immersion time increased to 10 hours, the curve shifted 

towards the diagonal again. This result clearly indicates that metastable pitting events are 

non-Poisson in behavior at a higher pitting activity (5 hours of immersion). In the case of 

lower pitting activity, such as 1 hour and 10 hours of immersion, the pitting events 

approximately follow a Poisson distribution.

Finally, the autocorrelation for the different immersion stages is calculated and the 

results are shown in Fig. 4-33. The curve obtained from the data after I hour of 

immersion fell off the fastest in about 2 seconds. This behavior further verifies that there 

is little correlation among the pitting events after 1 hour of immersion and pitting 

occurrence is almost Poissonian under this condition. For 5 hours of immersion, the 

autocorrelation curve fell off more slowly. This is the evidence that the pitting events are 

interrelated at this stage. After 10 hours, the autocorrelation dropped again and lay 

between two curves obtained after 5 hours and I hour of immersion. These results show 

that the pitting activity and the cooperative degree of pitting events decrease after the 

maximum pitting activity is reached. The results from autocorrelation analysis confirm 

the conclusions obtained from the Poisson analysis.
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coupled A516-70 carbon steel using 1,000 points for each curve.
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Therefore, the metastable pitting activity, qualitatively determined from the current 

noise recordings in the time domain and the pit initiation rate, increases with the 

immersion time firstly, and then decreases after a maximum is reached. From the 

comparison of Poisson distribution and the calculation of the autocorrelation function, it 

is clear that there is a correlation among the pitting events at a high pitting activity. When 

the pitting activity decreases, the correlation decreases and the pitting events are close to 

a Poisson distribution.

4.6.2.2 Carbon steel under potentiostatic control — effect o f applied potential

It is believed6 that increasing potential of the electrode can activate more 

“susceptible” sites on the electrode surface to initiate pits and lead to an increase in pit 

initiation rate until the pitting potential is reached. Time series of current noise of A516- 

70 carbon steel at -150, -50 and 50 mV are presented in Fig. 4-34. The pitting potential is 

about 80 mV in this system. When the applied potential exceeds the pitting potential, 

stable pits will develop, and no typical current transient is observed. Therefore, three 

potentials below C/pjt were chosen. The feature of the current transients is identical to that 

measured from the galvanic coupled samples, that is, a quick current rise followed by a 

slow recovery. The amplitude and the number of current transients increased when the 

applied potential was increased.

The results of the Poisson analysis at three potentials are shown in Fig. 4-35. When 

the potential was -150 mV, there was a lower pitting activity and the curve fell almost on 

the diagonal, where the pitting events follow the Poisson distribution and are independent 

each other. When the potential increased, the curves displaced from the diagonal, 

denoting the deviation from the Possion behavior and the greater interaction among 

pitting events.

The calculated autocorrelation functions for three potentials are shown in Fig. 4-36. 

For the lowest pitting activity at the lowest potential (-150 mV), the curve fell off the 

fastest, indicating the smallest correlation of the pitting events. The curves obtained from
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the higher potentials fell off more slowly. This is the corroborating evidence that there is 

certain correlation among pitting events at higher potentials.

4.6.2.3 Carbon steel under potentiostatic control — effect o f chloride ion concentration

The concentration of chloride ions is a vital factor affecting the pitting processes. It 

has been acknowledged36,93 that the initiation rate of metastable pits and the pitting 

activity increased with the chloride ion concentration until a critical value, above which 

the stable pits were induced.

Fig. 4-37 shows the current noise of A516-70 carbon steel immersed in 0.5 M 

NaHCCb solution containing 0.01 M, 0.05 M and 0.1 M NaCl. The electrode was 

potentiostatically controlled at -150 mV considering the fact that the combination of a 

more positive potential and a higher Cl* concentration will lead to stable pitting, where no 

typical current transients can be observed. It can be seen that the amplitude of current 

transients and the pitting initiation rate increases when the concentration of chloride ions 

increases. Therefore, the pitting activity increases with increasing Cl* concentration.

The comparison of the Poisson distribution at three different concentrations of 

chloride ions is shown in Fig. 4-38. It is seen that the points calculated from the solution 

containing 0.01 M Cl* almost lie on the diagonal, indicating a strong Poisson behavior 

and independent pitting events. Non-Poisson behavior, that is, the deviation of data points 

from the diagonal, increases with increasing chloride ion concentrations. So the 

cooperation of pitting events increases when the pitting activity rises due to increasing 

chloride ion concentration.

In order to confirm the above results, the autocorrelation functions were calculated 

from the data obtained in the solution containing three Cl* concentrations. The results are 

shown in Fig. 4-39. The higher the concentration of chloride ions, the more correlated the 

pitting events. Thus, both the methods of Poisson distribution and autocorrelation 

function appear to be valid to analyze the cooperation of pitting.
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4.6.3 Discussion

The experimental results and analysis presented above suggest a complicated picture 

of the pitting process: the initiation of a metastable pit can have a certain influence on the 

following pitting events under the condition of a high pitting activity. In such a case a
Q 87simple Poisson distribution, which has often been assumed to describe pitting, is not 

always suitable to model metastable pitting events. The correlation among pitting events 

must be assessed before a perfect pitting model is given.

It has been shown that the correlation degree of pitting events reflects the pitting 

activity. After a carbon steel specimen is immersed in the chloride-containing solution, 

the pitting activity and the correlation of pitting events increase with the immersion time 

due to the attack of chloride ions on the passive film. Because of the facts that the 

potential pitting sites become unavailable after the repassivation of metastable pits and 

some metastable pits change towards stable pits, a maximum value of the pitting activity 

will be inevitable. At the stage of higher pitting activity, metastable pits are continually 

initiated at closely spaced sites. This will allow the acidification of the local pit 

electrolyte due to hydrolysis of metal cations and the migration of chloride ions until the 

critical depassivating conditions are achieved. In addition, the aggressive local pit 

solution will also become more concentrated so as to attain the supersaturated conditions 

necessary for salt film precipitation.85 Either of these results is reasonable since the close 

spatial proximity of two or more metastable pits that form soon after one another can 

lower the occurrence chance for subsequent pits. Moreover, continual pitting at the 

connected sites will allow the pit depth to gradually increase, thereby increasing the 

ohmic voltage drop that can aid pit stabilization.94 Therefore, after the pitting activity 

reaches a maximum value, the increase of the total current to a threshold value for the 

case of multiple interacting pits causes the transition from metastable to stable pitting, 

which leads to the decrease in metastable pitting activity and correlation-among pitting 

events.

The main role of potential in metastable pitting is to increase the dissolution rate 

(current density) inside the pit sites and to activate more susceptible sites. The increase in
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chloride ion concentration facilitates the pitting initiation by maintaining sufficient 

transport of chloride ions from the bulk electrolyte to the pits and sustaining the 

propagation of metastable pits, or by increasing the number of susceptible sites, or 

decreasing pitting potential. So it is easy to understand the increase in pitting activity and 

correlation of pitting events when the potential and the concentration of chloride ions 

increase.

4.7 Design factors affecting the measurements and analysis of electrochemical 

noise during carbon steel corrosion

The measurements of EN contain the monitoring of current fluctuations under 

potentiostatic control, and of potential and current fluctuations without external 

polarization.2’7,29,75,95 Considering the facts that the mechanisms of initiation and 

propagation of localized corrosion under potentiostatic control are different from those of 

a freely corroded electrode,96 and potentiostatic control will introduce external noise into 

the measurement system,97 it is insufficient to use potentiostatic control alone to 

investigate localized corrosion despite its ability to examine the behavior of the electrode 

as a function of applied potential. The EN measurements without applied polarization 

require two nominally identical working electrodes (WE) connected through a zero 

resistance ammeter (ZRA). Current noise is measured as the current passing between 

these two electrodes that are exposed to the same environment. Potential noise refers to 

measurement of the open-circuit potential of two coupled electrodes versus a reference 

electrode.

The advantages of EN measurements over other electrochemical techniques are 

apparent. The EN technique can study many semimacroscopic phenomena related to 

corrosion, which are random in nature, with simple instrumentation and no external 

polarization. The classic deterministic techniques (steady-state techniques for 

polarization curves or sine wave techniques for impedance measurement) cannot be 

performed to understand this special property.
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Despite the simple configuration of electrodes and instruments in EN measurements, 

the effects of some design factors are still worthy of clarification. One important question 

for optimization of the experimental setup is that of the electrode size, since many of the 

causes of fluctuations do not scale with the geometric surface area.98 During the 

evaluation of the effects of electrode size on EN measurements during general corrosion
QQof carbon steel in Na2S04 and H2SO4 solutions, Pistorius found that the varied 

dependence of the standard deviation of current (of) on the electrode area complicates the 

attempt to establish a quantitative relationship between a l and corrosion rate. Therefore, 

it is difficult to normalize noise measurements with respect to the electrode area. The 

electrode size of an EN probe must be kept constant for comparison of results. Bertocci 

and Huet105 also confirmed by computer simulations that there are certain relationships 

between the electrode area and the magnitude of the standard deviations of current and 

potential.

Another important factor involving the measurements of EN is the sampling rate. 

Clearly, sampling rate must exceed a certain minimum value to capture the events that 

constitute the noise. This minimum value may depend on the rate at which anodic and 

cathodic areas fluctuate (for general corrosion) or the growth time of metastable pits (for 

pitting). There are certain critical sampling rates for different systems. Pistorius’ work106 

indicated the typically used value of 1 Hz is probably inappropriate to study carbon steel 

corrosion in sulfuric acid and the sampling rate of 1,000 Hz is sufficient. However, 

others9,74 used a sampling rate of 1 Hz to capture various noise features.

During metastable pitting, the current noise recorded by the ZRA reflects the pitting 

that has occurred on two WEs. It is inevitable that current transients superimpose on each 

other and negative current transients may appear in some cases. Indeed, the current noise 

during pitting is more difficult to interpret than the individual anodic process that occurs 

on each separate electrode. If it is possible to measure the pitting behavior of single 

electrode, analysis will be easier. This is practicable under potentiostatic control, but the 

introduction of a potentiostat will eliminate some advantages of EN measurements. 

Pistorius106 tried to use two WEs with comparatively different sizes in acid during noise 

measurements and thought that the measured current noise mainly reflects the anodic
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behavior occurring on the smaller electrode with reduced interference from the larger 

electrode.
The present section is aimed at statistically analyzing the influences of certain design 

factors, including electrode size, sampling rate and area ratio of two WEs, on the 

measurements of current and potential noise during A516-70 carbon steel corrosion. The 

noise analysis results in passivity and general corrosion systems are compared with those 

obtained in a pitting system.

4.7.1 Selection of corrosion systems

The polarization curves of A516-70 carbon steel in the solutions involving inhibitive 

HCCV and aggressive Cl* are shown in Fig. 4-40. It can be seen that A516-70 carbon 

steel was passivated in 0.5 M HCO3* solution. Chloride ions had a dramatically negative 

effect on carbon steel passivity. When the inhibitive solution contained 0.1 M Cl*, the 

passive potential range decreased to about 150 mV and the passive current density also 

increased. The testing solution of 0.1 M NaCI showed an active dissolution of the carbon 

steel electrode. Therefore, the electrochemical behavior of A516-70 carbon steel in 

HC03*, Cl* and HC03*/C1* solutions will reflect passivity, general corrosion and pitting 

systems, respectively.

4.7.2 Effects of electrode size on noise measurements

Statistical analysis of noise data represents the simplest form of analysis. It can 

reduce the large number of measurements in a noise recording to a single figure. Various 

statistical measures have been proposed to identify certain features of the corrosion 

process, !00’101,102’,°3 including the standard deviation of current and potential and the noise 

resistance, which has been taken as a direct measure of the changes of corrosion rate.

Fig. 4-41 shows the relationships between the standard deviation of current and the 

electrode size for A516-70 carbon steel immersed in 0.5 M HCO3*, 0.1 M-Cl* and 0.5 M 

HCO3'  + 0.1 M Cl* solutions, which reflect passivity, general corrosion, and pitting 

systems, respectively. It is seen that a l increases with increasing electrode area, but with 

different slopes for different corrosion types. In the cases of passivity and general
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corrosion, of is proportional to the electrode area; while for pitting, the slope of the linear 

relation between of and electrode area is smaller.

Other’s work106 showed that of is proportional either to the corrosion current density 

( w )  or to the square root of the current density ( w ) I/2, depending on whether the 

current transients are superimposed or temporally separated. Considering a corrosion 

system generating one current transient giving a standard deviation of 1 unit, if the 

corrosion rate is doubled, two transients occur (on average) in the measured time period. 

The two transients may be separated in time or be superimposed on one another. It is 

simple to show that, neglecting changes in the average current, the separated case has a 

standard deviation of (2)1/2 units, while the standard deviation of the superimposed case is 

2 units.

The same type of relationship is expected between of and the electrode area. An 

increase in electrode area should cause an increase in the number of transients in the 

same way as does an increase in corrosion rate. This effect has been confirmed by 

simulated noise data.106 Therefore, for localized corrosion processes where the duration 

of transients generally is short compared with the average inter-transient time, the square- 

root relationship is more likely. Proportionality is expected for general corrosion due to 

the superimposed transients, which fluctuate with a high frequency.

The results presented here show that the proportional relationship between of and 

electrode area in passivity is identical to that in general corrosion systems, while the 

square root relationship is found for pitting. The different values of slope are caused by 

the current transients, superimposed (in passivity and general corrosion) or separated (in 

pitting). The noise features in different corrosion systems are apparently identified in 

their time recordings (Figs. 4-3,4-5 and 4-42). The transient feature is not apparent in the 

case of general corrosion due to the large amplitude of the current combined with the 

large scale of the axis.

The varying dependence of of on electrode area in different corrosion systems makes 

it impossible to establish a quantitative relationship between corrosion rate and
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electrode area. For example, the corrosion rate is normally expressed as a current density, 

which is independent of the electrode size. No such simple relationship is available for 

pitting corrosion, since, if erf increase with the square root of the area, dl/S  is inversely 

proportional to the square root of the electrode area. Therefore, the quantitative 

relationship between corrosion rate and electrode size depends on the corrosion type.

From Fig. 4-43, it is clear that the corrosion rate (current density) is independent of 

the electrode area for general corrosion and passivity systems. It is not true for pitting 

corrosion. In such a case, the current density is inversely proportional to the square root 

of electrode area. Therefore, the choice of electrode size in an EN probe is very important 

and must be kept constant for a comparison of the corrosion rate based on noise data 

during pitting.

Although the dependence of the standard deviation of potential (oU) on the electrode 

area also follows similar situations relating to superposition or separation of noise 

transients, the potential transients are usually superimposed even during pitting corrosion 

due to the damping effects of the electrode capacitance on potential.106 Another point 

worth considering is that, with increasing electrode area, both the electrode capacitance 

and the area for cathodic reactions increase. Hence, the amplitude of the potential 

fluctuations in response to the current fluctuations is inversely proportional to electrode 

size. Fig. 4-44 shows the effects of electrode area on aE for A5I6-70 carbon steel in 

different corrosion systems.

Because the noise resistance (Rn) is equal to the ratio of aU to erf, its area dependence 

follows from those of the potential and current noise. Fig. 4-45 shows the area 

dependence of Rn of A516-70 carbon steel in different solutions. It is seen that Rn 

decreases with increasing electrode area. There is the largest R„ when the specimen is in 

passivity. Compared with the area dependence of Rn in general corrosion, Rn in pitting 

decreases more quickly, indicating stronger pitting aggressivity for die larger electrode. 

Therefore, Rn is a qualitative measure of the changes of corrosion activity. '

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

116



o
S i
I f
<D >

1 I
JS wT3 «3 
C  C<g a) ■**W o

CL 
»*- O

1.4

1.2 0.5 M HC03': Passivity

0.1 M Cf: General corrosion 

0.5 M HCO370.1M Cf: Pitting
1

0.8

0.6

0.2

0
2 3 51 40

Electrode areaI cm

Fig. 4*44 Dependence of the standard deviation of potential 
on the electrode area in different corrosion systems.

1.0E+7

0.5 M HC03‘: PassivityG 1.0E+6
© o  c«J
S2 

‘(0 1.0E+5

a><o
"o
z

0.1 M CP: General corrosion
1.0E+4

0.5 M HCO370.1 M CP: Pitting

1.0E+3
0 1 2 3 4 . 5

Electrode area/ cm2

Fig. 4-45 Dependence of the noise resistance on 
the electrode area in different corrosion systems.

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.7.3 Effects of sampling rate on noise measurements

The appropriate sampling rate during EN measurements is not immediately apparent 

although many researchers chose and standardized on a rate of 1 Hz. A basic requirement 

for an appropriate sampling rate is that it must reach the minimum value to reflect the 

events that constitute the recorded noise, i.e., the fundamental information can be 

extracted by time-domain analysis of noise transients.

Considering the inherently damped nature of potential noise, basic information 

involving the sampling rate is probably most conveniently extracted from the current 

noise. Fig. 4-46 shows the measured noise signals for A516-70 carbon steel in HCCb'/Cr 

solution, which is a pitting system, at four sampling rates. The noise transients measured 

at an appropriate sampling rate must reflect the unit of the pitting process, that is, 

initiation, propagation and repassivation of metastable pits. Clearly, the nature of the 

noise signal is lost when the sampling rate is 0.5 Hz. For the sampling rates of 1 Hz, 2 

Hz, and 20 Hz, the typical current transients characterizing the metastable pitting 

processes of carbon steel are apparent. These transients have a common feature: a quick 

current rise followed by a slow drop. With an increase in sampling rate, the number of 

current transients per unit time increases. Although it might be possible to miss some 

pitting transients at a small sampling rate, the sampling rate of 1 Hz is appropriate enough 

to reflect the features of metastable pitting of carbon steel in this work.

4.7.4 Effects of the area ratio of two coupled electrodes on noise measurements

In considering an EN probe containing two nominally identical electrodes, it is 

assumed that the measured noise is the result of the fluctuations of anodic activity on the 

electrodes, and that the cathodic activity is the same on the two electrodes. It is further 

assumed that, at a given moment, the anodic current densities on the two electrodes (/| 

and 12) vary with time, leading to the measured electrochemical current noise, while 

cathodic current (/c) is the same on both electrodes, fluctuating to balance the anodic 

current Under this assumption, the cathodic current density is given by:
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' c

iiSl + i2S2
S. + S,

(4-27)

where St and Sz are the area of the two electrodes. The noise current (I) between two 

electrodes, through the ZRA, is equal to the amount by which the anodic current on each 

of the electrodes is not balanced by the cathodic current on that electrode. If the charge 

balance is performed at electrode 1, and if conventional current in the external circuit 

from electrode 2 to electrode 1 through the ammeter is taken to be positive, the noise 

current is given by:

The expression of the noise current can be achieved by substituting the expression of tc in 

Eq. 4-24 by Eq. 4-23:

If the EN probe consists of two electrodes with very different areas, the current 

flowing through the ammeter due to the larger electrode will be smoother than that due to 

the smaller electrode. If the areas of two electrodes are much different (for example, 

S ,« S 2), the instantaneous anodic current density on the larger electrode (i2) is 

approximately constant with time, and the current measured by the ammeter, I  = Si(i\-i2), 

is simply the instantaneous current on the smaller electrode (Sifr), offset by a constant 

value. So this approach allows the electrochemical behavior of one electrode in a noise 

couple to be measured.

Fig. 4-47 shows a comparison of the current noise for A516-70 carbon steel couples 

with area ratios of 1:1 and 1:5 in 0.05 M HCO3'  + 0.1 M Cl* solution. The current

(4-28)

(4-29)
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transients measured in both cases are characterized by a quick current rise followed by a 

slow recovery, reflecting the metastable pitting of carbon steel. For the coupled 

electrodes with the same size, the stochastic current transients have quiet different values 

of the noise amplitude and the repassivation time. Some negative current transients are 

also observed. The current transients recorded in a couple with the area ratio of 1:5 are 

more regular. The approximately identical noise amplitudes approaching 50 nA and a 

repassivation time of about 15 seconds might be caused by the pitting occurring on the 

smaller electrode alone. This result shows how a comparatively different area ratio of two 

coupled electrodes clarifies the time-domain interpretation of the noise transients.

4.8 Conclusions

* During the incubation period of pitting on carbon steel, the fluctuations of potential 

trace the current fluctuations and the faradaic current plays a major role in the 

electrode process. The initiation of metastable pits is indicated by the typical potential 

and current transients in the shape of a quick drop in potential and rise in current 

followed by a slow recovery.

* Electrode capacitance plays a major role in the fluctuations of the potential. Only the 

current fluctuations reflect the initiation, growth and repassivation of metastable pits.

* During metastable pitting of carbon steel under potentiostatic control, the deposited 

cover over the pit mouth plays an important role in sustaining pit growth and causing 

repassivation, and, consequently, in producing the typical current transients.

* The pitting initiation rate increases with the applied potential, and then decreases after 

a maximum is reached. The potential dependence of the pit initiation rate is well 

illustrated by a point defect model. Pit growth kinetics are controlled by the ohmic 

potential drop across the cover over the pits. The potential dependence of the 

repassivation time mainly comes from the effect of applied potential on the pit cover. 

The increase of potential promotes the rupture of the pit cover, and leads to a decrease 

of repassivation time.
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* A stabilization criterion of the metastable pits, the ratio of the peak pit current to the 

pit radius, must exceed 2 x 10'2 A cm'1 at all times during pit growth to avoid 

repassivation. The pit stabilization criterion indicates the critical condition to 

maintain pit growth. Below this value the pit anolyte is not aggressive enough to 

maintain pit growth and repassivation is inevitable.

* Chloride ions are responsible for the degradation of carbon steel passivation in 0.5 M 

bicarbonate solution. The main role of CT in pitting is to increase the chance of the 

breakdown of the passive film, rather than to inhibit the surface repassivation.

* Metastable pitting of carbon steel is non-Poisson behavior and the initiation of a 

metastable pit will have a certain influence on subsequent pitting events in the case of 

a high pitting activity, such as a critical immersion stage, a higher applied potential 

(not exceeding the pitting potential) and a higher Cl' concentration. When the pitting 

activity decreases, the metastable pitting events will follow a Poisson distribution.

* The corrosion rate (current density) of A516-70 carbon steel is independent of the 

electrode size for general corrosion and passivity systems, while the corrosion rate is 

inversely proportional to the square root of the electrode area for pitting. The 

quantitative relationship between corrosion rate and electrode size depends on the 

corrosion type. The sampling rate of 1 Hz is appropriate to reflect the features of 

metastable pitting on carbon steel in this work. A comparatively different area ratio of 

two coupled electrodes can allow the instantaneous anodic current on the smaller 

electrode to be measured with reduced interference from processes on the larger 

electrode, and thus clarify the time-domain interpretation of the noise transients.
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Chapter § Spectral Analysis of Electrochemical Noise in the Frequency 

Domain

5.1 Introduction

Analysis of the EN can provide fundamental understanding about the pitting 

processes. Statistical analysis in the time domain and spectral analysis in the frequency 

domain are two main methods to extract information from the noise data.1’2̂ ’4’5’6,7,8,9,10,11

The statistical analysis of noise data recorded in the time series has been discussed in 

Chapter 4. The spectral analysis of EN will be presented in this chapter.

The calculations of power spectral density (PSD) of the noise data by the fast Fourier 

transform (FFT)12 or the maximum entropy method (MEM)13 are standard methods to 

study EN in the frequency domain. It has been shown that analysis of the noise spectrum 

and the spectral parameters, roll-off slope and roll-off frequency, can provide 

fundamental information about the corrosion mechanism and the corrosion kinetics 

processes.14,15 For example, during pitting, “white” noise and l / f a noise are generally 

observed in the regions of low frequency and high frequency, respectively. The values of 

the roll-off slope of PSD plots, that is, the slope in the \ / f a noise region, correspond to 

the different corrosion types.16 The roll-off frequency (fc), the frequency at the cross-point 

between the “white” noise region and the 1 / f a noise region, is related to the repassivation 

kinetics of metastable pits.17 Therefore, the analysis of the noise spectrum is a useful tool 

for interpretation of noise data.

In this chapter, the physical significance of the noise spectrum and some spectral 

parameters will be determined based on mathematical treatment and theoretical analysis.
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This is an attempt to establish a reasonable relationship between noise transients and the 

noise spectrum.

5.2 Theoretical analysis o f noise spectrum  and spectral param eters

A PSD plot in the frequency domain is the Fourier transform of noise data collected in 

the time domain. The noise signals are generated due to the initiation, propagation and 

repassivation of metastable pits and, thus, directly related to the pitting process. It is 

reasonable to assume that there exists a certain relationship between noise transient 

variables and PSD parameters. Undoubtedly, analysis of this relation is essential to the 

understanding of the physical significance of the noise spectrum and PSD parameters and 

the pitting process.

In this section, a mathematical treatment is performed to establish the relationship 

between PSD parameters and pitting transient variables based on a pitting model. The 

physical significance of some spectral parameters is discussed.

5.2.1 Pitting model and theoretical analysis of the noise spectrum

For a given passive system containing aggressive ions such as Cl', it is believed that 

every current transient represents the initiation of a single metastable pit.11,18 The 

comparison of the probability distributions of pit size calculated from current noise data 

and that measured under the optical microscopy in Chapter 4 also shows the 

correspondence of current transients to metastable pits. During metastable pitting of 

carbon steel, the current transient is characterized by a quick current rise followed by a 

slow recovery (Fig. 4-6). It is assumed that the noise current increases linearly with time 

during pit growth and the following equation can describe the time dependence of noise 

current in this stage:
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/(/) = a t , 0 < t< te (5-1)

where a is a stochastic variable reflecting the rate of current rise with the unit of amperes 

• second'1 (A s'1), and tc is the pit growth time (s). After fc» pits growth terminates due to 

the repassivation process. During repassivation of metastable pits, the noise current 

decreases exponentially:

/( t)= (a /c)exp[-6( t - t c)], t>tc (5-2)

where b, with the unit of frequency (s'1), is also a stochastic variable and reflects the rate 

of repassivation.

The Fourier transform of current noise data during one transient process, representing 

the passive film breakdown and repassivation, can be expressed as:

F ( cd) =  J* /(f)exp(-ya)f)< /r

= £  (at) exp(-j(ot)dt + £ W C) exp[-6(r -  te)] exp(~j<ot)dt

. 62r.sin(cof_) bo>2t. +b2 +cd2 ,  . 1— a{ — % , + ---- ---------- 5— cos((0 te) ---- r
G)(b +(0 ) CD (b +£0 ) CD

+ j
b2t ba>2t +b2 +co2— . e ■■ cos((ot )~  ■ r sinfcor )

co(6 +co ) c (0 2(b2 +(0 2) }

(5-3)

The PSD of current noise during the period of time, T, is:

fSD  = 21im« ^ l  (5-4)
r-wo T
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where N(T) is the number of current transients which correspond to the initiation of 

metastable pits during the time T. This PSD is defined for frequencies (co = 2nf) between 

0 and +00; that is, only positive frequencies are considered. Therefore, the right side of 

Eq. 5-4 has to be multiplied by a factor of 2 in order to define the PSD in the frequency 

range ofO to+qo.

If it is further assumed that the initiation of metastable pits is a stochastic process and 

there is a linear relationship between the number of metastable pits and the area of the 

passive film, then

N ( T ) = \ x S x T (5-5)

where A. is the average initiation rate of metastable pits per unit area and S is the area of 

the specimen. Then

PSD = 2SX x|F((o)| 

= 2SXxa2[—j 1 b(o2tc +b2 +<o22r b*te2  _______________
G)2(b2 +(a2)2 + o>4 + co4(b2 +co2)

+ 1-  2 cos(core)
{b +co

lb 2tc sin(0 tc) 
~ co3(h2 +co2)

= 2 S k x a 2

]

b2t 2
co2(h2 + 0)2) co3(hz +toz)

lb 2tc sin(corc) 2(l-cos(torc))f bte 1 >
* +  1 1 . .  1 +

(0 .62 +C0 2 C02y

(5-6)

When the frequency/is very low, the PSD takes the form of

PSD = 2SXx“ (i + 
b2 2

(5-7)

Therefore, the PSD is independent of frequency and the noise spectrum is “white” noise 

over the whole frequency range.
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When the frequency is large enough to meet the condition of 2nf » b ,  then

FSD = ^ ^ [^ + ( 1+ i l t )sin2O ra,)] / -  (5-8)

There is a certain frequency dependence of PSD in the range of high frequency. The PSD 

decreases with increasing frequency and shows the l / fa behavior.

5.2.2 Relationship between spectral parameters and transient variables

5.2.2.1 Current rise rate— variable a

The effect of a specific transient variable on the noise spectrum can be understood 

from Eq. 5-6 by keeping other variables unchanged. Fig. 5-1 shows the dependence of 

PSD plots on variable a, the rate of current rise during the pit growth stage (dlldt). It is 

seen that the increase in variable a does not alter the noise spectrum but increases the 

PSD level. The spectral parameters, roll-off frequency and roll-off slope, are not altered 

by the variation of a. The rising rate of noise current corresponds to the growth rate of 

metastable pits. Therefore, the increase in pit growth rate will lead to an increasing noise 

spectrum level. The presence of lobes in the PSD plots in the high frequency region is 

caused by the sine function contained in the PSD formula.

5.2.2.2 Pit initiation rate— variable X

Fig. 5-2 shows the PSD plots calculated at different pit initiation rates, X. It is obvious 

that the higher the pit initiation rate, i.e., the more the current transients in a unit time, the 

higher the PSD level. The other PSD parameters remain unchanged. Therefore, the 

increase in pit initiation rate will also cause an increase in noise spectrum level.
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Comparing Fig. 5-1 and 5-2, it can be seen that it is impossible to tell which one of 

the noise transient variables, current rise rate or pit initiation rate, plays the major role 

when the PSD level changes.

5.2.2.3 Pit growth time— variable tc

The PSD plots corresponding to the different pit growth times, tc, are shown in Fig. 5- 

3. It can be seen that the effect of variable tc on the noise spectrum is mainly reflected by 

a change of the roll-off slope. The increase in variable fc causes the increasing roll-off 

slope. In addition, the PSD level in the region of low frequency also increased with tc.

It has been found7,10 that PSD plots transformed from the noise data collected in 

passivity and general corrosion systems are generally a straight line with the roll-off slope 

approaching zero. The potential and current noise recordings generated during passivity 

and general corrosion contain stochastic fluctuations with a higher frequency. The noise 

transients occur quickly and superimpose on each other, with a very small value of 

variable rc. Therefore, a smaller tc in noise recordings will lead to a flatter PSD plot and a 

smaller roll-off slope. In pitting systems, the potential and current transients are generally 

separated with a larger variable tc, so the roll-off slope of PSD plots for a pitting system is 

definitely larger than zero. Some authors have tried to relate the different values of roll

off slope to specific corrosion types.4 Actually, the roll-off slope of a noise spectrum 

depends not only on the variable rc for a specific shape of noise transient, but also on the 

transient pattern, which will be discussed in the next section. Therefore, there is no 

certain relationship between roll-off slope and corrosion type.

5.2.2A Pit repassivation rate— variable b

The PSD plots calculated with different values of variable b are shown in Fig. 5-4. It 

is seen that the main effect of altering b values is to change the roll-off frequency of
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Fig. 5-4 Current PSD a s  a  function of variable b, the  pit repassivation rate.
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PSD plots. The f c decreased with decreasing b, that is, the repassivation rate of metastable 

pits. Thej'c values are equal to 0.6,0.2 and 0.04 Hz when the values of b are 10,1,0.1 s’1, 

respectively. When b is reduced to 0.01 s'1, there is no apparent roll-off frequency.

It has been pointed17 that the roll-off frequency is directly related to the repassivation 

process of metastable pits by the following law:

f e ozb (5-9)

where b refers to the pit repassivation rate defined in Eq. 5-2. The amplitude of the pit 

repassivation rate reflects the aggressive degree of the local pit environment. As shown in 

Fig. 5-4, a greater value of b, that is, a larger pit repassivation rate corresponding to a less 

aggressive environment inside the pit, leads to a larger On the other hand, a smaller f c 

represents a more aggressive pit environment The repassivation process is thus slower, 

so a smaller b causes a smaller f e. When the repassivation rate is so small that it is very 

difficult to repassivate the pitted area, f 0 cannot be observed in the PSD plots. In addition, 

compared with the initiation of metastable pits, the repassivation of pits is a slower 

process. The features of the repassivation process are mainly reflected in the low 

frequency region of PSD plots. Therefore, the increase in variable b, that is, pit 

repassivation rate, causes an increasing PSD level mainly in the low frequency region.

53 Spectral analysis of electrochemical noise with different transient shapes

It has been shown in the previous section that the spectral parameters are related to 

the noise transient variables, and thus, to the corrosion process. However, there still exist 

some arguments on how the shapes of PSD plots and the spectral parameters are related 

to the corrosion process. For example, Uruchurtu and Dawson16 thought that shallow roll

off slopes of -20 dB/decade or less are indicative of pitting corrosion, whereas a roll-off 

slope of more than -20 dB/decade represents general corrosion or a passive state. 

However, Legat et al.7,19 found that the PSD for uniform corrosion is “white” and
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constant over the whole frequency domain, while the PSD values during localized 

corrosion can be interpolated on a logarithm vs. logarithm scale by a 1 I f*  function. 

Monticelli et al.20 evaluated some inhibitors on aluminum alloys by EN analysis and 

found that the noise spectrum exhibits a 1 If* trend with a  close to 20 dB/decade under 

conditions of uniform attack. When steady growth of pits is reached, the spectra can be 

described by two straight lines with slopes of about 10 dB/decade in the low frequency 

portion (stationary pit growth) and 20 dB/decade in the high frequency portion (hydrogen 

gas evolution). Fukuda and Mizuno" studied the current transients for pure iron and 

showed that at a passive state, the roll-off slope is zero, which means “white” noise in 

both low and high frequency ranges, while the slope decreases and stays around -0.5 

during the pit induction period and then steeply decreases to below -1 before pit 

generation.

The roll-off frequency also bears some controversy of opinions. Bertocci et al.3 

believed that the roll-off frequency of PSD is related to the time constant of repassivation 

and reflects the degree of aggressiveness of the local environment inside the pits. Bertocci 

and Huet21 further pointed out that the roll-off frequency of PSD provides information on 

the time constant for the repassivation process, which is connected to the duration of the 

transient Oltra et al.17 studied the mechanical breakdown of a passive layer by spectral 

analyses. Two plateaus followed by an approximate l / f 2 PSD part were observed, so 

there are two roll-off frequencies. The higher roll-off frequency gives the average time 

constant of the current transient, which is not related to the repassivation rate, but to the 

R*Cd time constant (Rt: electrolyte resistance, Q : double-layer capacitance) of the cell. 

The lower roll-off frequency is related to the film breakdown/repair process and can give 

the mean value of the elementary charge involved in each transient

From previous research results, it is found that there are many controversial 

viewpoints about the experimental results and explanations about the noise spectrum. The 

physical meaning of the roll-off frequency and the relationship between roll-off slope and 

corrosion types are not clear. Bertocci and Huet21 tried to simulate time domain records, 

similar to data as recorded in a digital oscilloscope and then to apply an FFT algorithm to 

obtain the power spectra. Although the results show that it is possible to recover from the
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spectrum all the information necessary to reconstruct the time record, including transient 

amplitude, decay constant and intensity of the random process, it is still not obvious 

whether the shape of the transient will leave a recognizable mark on the spectrum.

The further analyses performed by Gabrielli et al.22 indicated that when the current 

transient showed a sudden birth or a sudden death the high frequency limit of the PSD 

varies like f ' 2 whatever the shape of the transient A slow birth followed by a slow death 

gives rise to an /" 4 trend. Therefore, it seems probable a definite relationship can be 

established between the noise transient and the noise spectrum.

In the present work, the noise spectra are calculated under some transients with 

typical shapes found in the corrosion areas. The relationship between spectral parameters 

and transient variables in the time domain are analyzed. The influences of corrosion types 

on noise spectrum are also considered.

5.3.1 Mathematical background

During corrosion of metals, sequences of elementary current transients, /(f), can be 

observed. If F(co) is the Fourier transfer of the current transient, which is assumed to 

follow the Possian distribution, then

•KO

F(co) = J /(f) exp(-/cof)</f (5-10)

The power spectral density (PSD) can be calculated as follows:6

PS0 = 21i m m ^
r

r-K* i
= 2A. • £|F(a> )|2

where A/(T) is the number of current transients during a certain time T, X is the average
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occurrence rate of current transients per unit area, S  is the area of the specimen and <n is 

the angle frequency which is equal to 2vf. It is obvious, from Eq. 5-11, that the noise 

spectrum contains the information of the occurrence rate of events and the relevant 

transient variables included in transient equation 7(t). Therefore, it is reasonable to expect 

that some useful information can be extracted through spectral analysis.

For the calculation of PSD plots, all values o f the variables contained in current 

transients recorded in the time domain were chosen based on the work presented in 

Chapter 4. The electrode area (5) is 0.5 cm2, the pit initiation rate per unit area (X) is 

approximately 65 s'1 cm'2, the time constant of the exponential function of current 

transient (x) ranged from 0.6 to 1.4 seconds and the average magnitude of the current 

signal (A) is about I O'3 mA. To simplify the calculation, these relevant parameters are 

assumed to be the integral values.

5.3.2 Spectral analysis

5.3.2.1 Current transients during metastable pitting

* Transient I: sudden birth followed bv an exponential decay 

The current transients, characterized by a quick current rise followed by an 

exponential decay as shown in Fig. 5-5, are often found to be characteristic of the 

metastable pitting of carbon steel23,24,25 and pure iron.26 As indicated by the current 

transients, the metastable pitting processes contain pit initiation, quick growth and slow 

repassivation. Some non-chemical initiation of the corrosion reactions such as laser 

illumination,1 abrasion17 and scratching,27 also generate this kind of transient The 

exponentially decaying current transients with a time constant x can be expressed by:

7(0 = 0 . t < 0

7(0 = A exp(——) t > 0 (5-12)
x

where A is a stochastic variable reflecting the magnitude of the current transient When
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Fig. 5-6 Noise spectrum derived from the transient shown in Fig. 5-5.
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/(t) in Eq. 5-10 takes the form of Eq. 5-12, the PSD, calculated from Eq. 5-11, becomes:

H D - 2* * ' * ” '  (5-13)
1+47C2/  T

When frequency f , Eq. 5-13 takes the form: 
2irr

PSD = 2 S * X » A 2»x2 (5-14)

the PSD is independent of the frequency and the spectra indicate the “white” noise. When 

the frequency is large enough to meet the condition of 2n/t » 1,

PSD = S *X \ —  * / ~ 2 (5-15)
2k

the noise spectrum shows the features of f 2 noise. Therefore, the noise spectrum has a 

“white” noise plateau in the low frequency range and decreases with /  '2 in the high

frequency range with the roll-off frequency of —— , which is the frequency at the
2tct

crossing point between “white” noise and / ' “ noise.

The noise spectrum calculated based on Eq. 5-13 is shown in Fig. 5-6. It can be seen

that the “white” noise and the/ ' 2 noise cross at the roll-off frequency of —— of 0.16 Hz
2tct

under the assumed conditions.

* Transient II: exponential birth followed bv a sudden decay

The current transients with the feature o f an exponential rise followed by a sudden 

decaying (Fig. 5-7) are very common during metastable pitting of various stainless 

steels,28,29*30,31 which are quiet different from that for carbon steel. After initiation, the
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t = 0

Fig. 5-7 The current transient with the shape of an exponential 
birth followed by a sudden death.

metastable pits grow slowly, and then repassivate very rapidly.

The exponentially rising current transient with a time constant r  is expressed by:

f(t) = Aexp(-),  t< 0
T

/(r) = 0, t> 0  (5-16)

Following the same procedure as described above, the PSD is calculated as

PSD = 2Smk\ A\ * f  (5-17)
l+4rc /  t

It is obvious that the PSD calculated for transient II is exactly the same as that for 

transient I. The noise spectrum is also “white” in the low frequency range and has the
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form off ' 2 in the high frequency range with the roll-off frequency of - — . Therefore, the
2jrt

PSD curve cannot tell the difference in features between two transients represented by Eq. 

5-12 and 5-16. These two transients are symmetrical in the time domain.

* Transient IH: exponential birth followed bv an exponential death 

For the case of the current transients both rising and decaying exponentially, the 

transients can be approximately processed as a double exponential wave with two time 

constants of ti and t 2 (Fig. 5-8).

t = 0

Fig. 5-8 Current transient with the shape of an exponential birth 
followed by an exponential death.

I{t) = A exp(—) , t < 0

/(f) = .4exp(——) , t> 0  (5-18)
*2
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Following the same calculation procedure as above, the PSD is calculated as

p s d = — 2 5 (Tl+T22 ; 2- 2 (S'19)(1+4jc f  x , )(1 + 47C f  x  j  )

When /  «  —-— and /  «  —-— , the noise spectrum is “white” and independent of
2t c x  j 2h t  j

the frequency:

PSD = 25 • X • A2 (x, +x 2 )2 (5-20)

If xi = X2= x, then Eq. 5-19 becomes

PSD= (5-21)
(1+4tz f  x )

In the high frequency range, i.e., when /  »  —̂—, Eq. 5-21 becomes
2m

PSD=S * \ * f  f~* (5-22)
2jc x

The PSD curve has only one slope with the feature of f A noise, as shown by the thick 

curve in Fig. 5-9 which was calculated based on Eq. 5-19 when xi = X2= 1.

If xt *  X2, assuming xi < X2 and when the frequency /  »  —-— , Eq. 5-19 can be
2 tcx ,

simplified as

PSD = ^ 4 4 4 ^ - / ^  (5-23)
87t X |  X 2
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Fig. 5-9 Noise spectrum derived from the transient shown in Fig. 5-8.

It is clear that the noise spectrum is/ 4 in nature. However, when the frequency is between

—-— and —-— , the roll-off slope of PSD will be smaller than 4. As shown in Fig. 5-9, 
2rcx 2 2ttt ,

two roll-off slopes appear in the PSD curve. It is also seen that the PSD curve has two

roll-off frequencies, —-— and —-— when xi * x2.
2m 2 2 m ,

From Eq. 5-19, it is very clear that PSD curves for the case of xt > X2 will be the same 

as those obtained when xi < X2.

* Transient IV: linear birth followed by an exponential death 

Similar to the case of transient I, when the pit growth time is considered, the transient 

pattern has the form of a linear current rise during the pit growth time, tc, and followed by 

an exponential decaying (Fig. 5-10). The current is expressed as:

7(0 =at,  0 <t<tc
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where a is a stochastic variable reflecting the current rise rate, tc is the pit growth time 

and x is the time constant of the exponential function. The PSD is calculated as

l(t) =  atcexp[-(t-tc)/T]l(t) = at

t =  0  t  =  tc

Fig. 5-10 Current transient with the shape of a linear birth 
followed by an exponential death.

PSD = 4Ska2[
resin2?t/?e

( l-c o s2rc/re)
•  _  1 _<■> V

4jc 2/ 2 0  + 2f 2't2 ) 3/ 3 0  + 2 f 2*2)
1

(5-25)

2jc /  1+471 /  x 4rc /
r)l

When the frequency f  « —— , then
2 tcx
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Fig. 5-11 Noise spectrum derived from the transient shown in Fig. 5-10.

PSD = 4 Sk» a2te2 (x + ^ )2 (5-26)

The PSD is independent of the frequency and the noise spectrum is “white” noise in the

low frequency range. In the frequency range of /  »  ——, Eq. 5-25 takes the form:
2tcc

PSD = ——̂ - ‘[■ ~j-+(l+—)sia2(y k t)l/"*  (5-27)
n  4x t

Fig. 5-11 shows the PSD curve calculated based on Eq. 5-27. It is seen that f *  behavior is

displayed in the high frequency range with the roll-off frequency of — . The lobes
2jtc

presented are caused by the sine function.

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Summarizing the spectral analysis about various current transients generated during 

metastable pitting, it can be seen that a “white” noise and a / '2 o r/" 4 noise are always 

present in the low and high frequency range, respectively. The transients having a sudden 

birth or a sudden death will result in f ' 2 noise, while the transients without sudden change 

show f A behavior. The roll-off frequency is directly related to the time constant of the 

exponential function, which indicates the growth rate or the repassivation rate of 

metastable pits. In addition, although the shapes of current transients recorded in the time 

domain can reflect the different metastable pitting processes, the noise spectra cannot 

show those differences in some cases.

5.3.3.2 Current transients during passivity and general corrosion 

* Transient V: triangular wave

The current transients with the shape of a linear rise followed by a linear drop

t = t2t  = 0

Fig. 5-12 Current transient with the shape of triangular wave: 
a  linear rise followed by a linear drop.

(triangular wave) are always observed for metals in a passive state (Fig. 5-12). If t\ and h  

- 1\ represent the current rise time and drop time, which are generally in the order of 1 to 2
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seconds, and a is a variable reflecting the current rise rate, the current transient can be 

expressed as:

I(t) = at, 0<r <r i

= ~h l  ' (5-28)
( * 2  ~ * l )

To simplify the equation of PSD, it is assumed that t% - 1\ = f i = to, and the PSD is 

calculated as:

PSD = IS  • X • a V  (5-29)
W h)

The PSD plot calculated from Eq. 5-29 is shown in Fig. 5-13. It is seen that if the 

frequency is so low that (nfto) approaches zero, the PSD is independent of the frequency 

and will be equal to 2Skaztd*. When the frequency is high enough to meet the criterion of 

nft0 » 1, many lobes related to the sine function are produced on the curve, but with the 

basic tendency o f /" 4 noise as shown by the broken line in Fig. 5-13. The roll-off 

frequency between the “white” noise part and the f A noise part, which is determined by

the time interval of the current transient, that is, —  is about 0.32 Hz determined from

Fig. 5-13. Therefore, the triangular wave-shaped current transient will generate f A noise 

in the high frequency range. The roll-off frequency is related to the time interval during 

the current rise or drop stage.

* Transient VI: Delta wave

The delta-waved transients, sudden birth lasting a time interval (to) and then sudden 

death (Fig. 5-14), are always observed when the metal is in a general corrosion state. The 

time interval is observed to be in the order of I second. The delta function of current 

transient can be expressed as:
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Fig. 5-13 Noise spectrum derived from the transient shown in Fig. 5-12.

I(t) = 0, t < 0 and t> to

I(t) = A, 0< t<  t0 (5-30)

where A is the amplitude of the delta function. The PSD is calculated as

PSD = 2S • X •  A2t02 —  ■ (5-31)
O t f o )2

When the frequency is low enough to meet the condition of itfio ~ 0, the PSD is “white” 

and approximately equal to 2SkA2to2. In the high frequency range of nfi0 » 1, lobes 

appear and the basic tendency is /* 2 noise, indicated in Fig. 5-15. Therefore, die noise
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t  =  0  t =  to

Fig. 5-14 Current transient with the shape of delta 
wave lasting a time interval to.

spectrum for a delta function generated in a general corrosion system is also “white” in 

the low frequency range for PSD analysis. Lots o f lobes with the basic feature of/*2 noise 

are observed with the roll-off frequency of approximate 0.32 Hz, which reflects the time

interval of delta current transient by — .
7Cf0

According to the PSD analyses o f the current transients generated in passivity and 

general corrosion systems, it is concluded that “white” noise is always observed in the 

low frequency range and/*2 and f A noise, corresponding to the current transients with 

and without sudden change respectively, appear in the high frequency range. The roll-off 

frequency of the PSD plot is directly related to the time interval of the current transient 

during the rise or drop stage.

5.3.4 Experimental

151

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C
ur

re
nt

/m
A

 
PS

D
/m

A
2H

z
1.0E+3

1.0E+2

1.0E+1

1.0E+0

1.0E-1

1.0E-2

1.0E-3

1.0E-4

1.0E-5

S=1 cm2, X.=100 s'lcm'2, 
A=0.001 mA, to=l s

fo= 1/(«to) 
=0.32 Hz

■ ■ ■■■■! ■ ■■■■■■■» ■ ■ ■ m u l  l i ' l l  11 nl i » ■ . mil » i l l  mi:

v  PSD oc/

1.0E-4 1.0E-3 1.0E-2 1.0E-1 1.0E+0 1.0E+1 1.0E+2

Frequency/ Hz

Fig. 5-15 Noise spectrum derived from the transient shown in Fig. 5-14.
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Fig. 5-16 Current noise of A516-70 carbon steel in 0.5 M 
NaHC03 + 0.1 M NaCI solution.

152

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In order to investigate the validity of the theoretical spectral analysis results, the 

measurements of EN signals in several corrosion systems were designed. To generate a 

pitting system, the specimens were prepassivated in 0.5 M NaHC03 solution for 2 hours. 

After the stable passive state was reached, NaCl based on a pre-designed volume was 

added such that the testing solution contained 0.5 M NaHCC>3 + 0.1 M NaCl..

5.3.5 Pitting system

The recordings of current noise of A516-70 carbon steel in HCO37CI' solution are 

shown in Fig. 5-16. The typical current transients, characterized by a quick rise followed 

by a slow recovery, are believed to reflect the metastable pitting process: initiation, 

growth and repassivation of metastable pits. Therefore, the current transients generated in 

this work can be approximately expressed by transient I, i.e., a sudden current rise 

followed by an exponential decaying. The average time constant (t) during the 

repassivation process is approximately 2.5 seconds.

The PSD plot calculated from the current noise data in Fig. 5-16 is shown in Fig. 5- 

17. It is seen that the “white” noise appears in the low frequency range and/*2 noise in 

the high frequency range with a roll-off slope of 2, which corresponds to the typical 

current transients generated during pitting. The roll-off frequency is 0.055 second from

the figure, which is determined by the time constant of — for the repassivation process.
2ttc

5.3.6 Passive system

After a certain period of immersion of A516-70 carbon steel in 0.5 M NaHCC>3 

solution, stable passivity is reached. The current noise generated during carbon steel 

passivity is shown in Fig. 4-3. The details of the shape of current transients during 

passivity is enlarged in Fig. 5-18. A triangular-shaped current transient with an average 

time interval of current rise or drop stage of approximately 3 seconds is apparent The 

current PSD plot calculated from noise data in Fig. 5-18 is shown in Fig. 5-19. The
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Fig. 5-18 The details of the current transients during passivity of carbon steel.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PS
D 

I m
A 

H
z'

1.0E-12

f 4 noise1.0E-13

= 0.12 s

1.0E-14
1.0E+01.0E-2 1.0E-11.0E-31.0E-4

Frequency/ Hz

Fig. 5-19 PSD plot calculated fron the current noise data generated during 
passivity of carbon steel.

“white” noise part and the f A noise part are connected at the roll-off frequency of about

0.12 second, which is equal to f c = —  = 0.12 Hz.
7tf0

According to the PSD analysis of noise data generated during pitting and passivity of 

carbon steel, it is seen that the theoretical analysis results of the noise spectrum are quite 

consistent with the PSD values calculated from the measured noise data. Therefore, it is 

reasonable to predict the PSD plot and extract useful information from the recorded noise 

transient based on the analysis results in this work.

5.4 Conclusions
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* The relationship between spectral parameters and transient variables during pitting is 

established based on a pitting model. The PSD level reflects the pitting activity and 

increases with the current rise rate and the pit initiation rate. The roll-off slope 

increases with increasing pit growth time. The roll-off frequency represents the 

repassivation kinetics of metastable pits.

* Any transient having a sudden birth or a sudden death generates/'2 noise in the high 

frequency range, while the transients without sudden change show f A behavior. The 

“white” noise spectrum appears in the low frequency range. This result is independent 

of the corrosion system flocalized corrosion, general corrosion and passivity).

* The roll-off frequencies of PSD corresponding to the transients with an exponential 

function in the time domain generated during pitting have a definite physical 

meaning, that is, the time constant o f the exponential function. For the transients 

showing the features of triangular and delta waves generally generated in passivity 

and general corrosion systems, the roll-off frequency is directly related to the time 

interval of the current transient during the current rise or drop stage.

* The PSD results calculated from the measured noise data are quite consistent with the 

theoretical analyses of the noise spectrum. It is reasonable to predict the PSD plots 

and extract useful information from the recorded noise transients based on the 

analysis results in this work.
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Chapter 6 Monitoring of Corrosion Rate by Electrochemical Noise 

Technique— Application of Noise Resistance

6.1 Introduction

The measurements and analyses o f EN have become widespread in obtaining 

corrosion information.1’2’3 Of various analysis methods of EN data, the application of 

noise resistance has recently attracted increasing interest4,5’6’7’8’9’10

EN is generally measured as potential and current fluctuations in the time domain. 

The noise resistance (/?„) is calculated as the ratio of the standard deviation of potential (a  

U) to the standard deviation of current (oi) over a fixed period o f time.5’6 Theoretical 

analysis proves that the potential and current noise are related by the impedance of the 

metal/solution interface. It is proposed that noise resistance can be interpreted in 

essentially the same way as conventional polarization resistance (Rp).11,12 Obviously, the 

noise resistance is a function of the electrochemical behavior of the material under study. 

In addition, if the period of sampling time (the number of sample data times the sampling 

interval) used to statistically calculate the standard deviations of potential and current 

changes, the noise resistance will be different Therefore, the noise resistance is a 

function of the period of sampling time.

The noise data can also be transformed from the time domain into the frequency 

domain to obtain power spectral density (PSD) by the fast Fourier transform (FFT)13 or 

the maximum entropy method (MEM) .14 The transformed potential and current data at 

each frequency can be used to calculate the spectral noise impedance Rm (/), the square 

root of the ratio of potential PSD to current PSD, at each frequency.6 Similar to the 

relationship between noise resistance and polarization resistance, the spectral noise 

impedance should have some analogy with the magnitude of the electrochemical 

impedance.
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Noise resistance has been used in many aspects o f corrosion, such as coating 

performance and degradation,5,6,1S corrosion rate determination,3 and onset of localized 

corrosion. Others’ results have shown16 that noise resistance can qualitatively monitor the 

changes of corrosion resistance. However, there still exist arguments on the relationship 

between noise resistance and polarization resistance. For example, Dawson et al.17 found 

that Rn correlates well with both polarization resistance and weight loss of carbon steel in 

acid, while the analysis for 410 stainless steel in chloride solutions performed by Kelly et 

al.16 indicated that Ra generally overestimates the polarization resistance, leading to an 

underestimate of the corrosion rate. Although some attempts to justify the relationship 

between Ra and Rp on theoretical grounds have been published,18 their validity is 

questioned.19,20 Chen and Bogaert21 proposed a mathematical derivation based on the 

kinetics of the interfacial processes. However, its applicability is restricted because the 

treatment assumes appropriate conditions such as activation-controlled anodic and 

cathodic reactions. Bertocci and Huet3 described a model linking Ra and the magnitude of 

the electrode impedance by computer simulation. The model still needs experimental 

verification.

In order to clarify the physical meaning of noise resistance, Bertocci et al.9 presented a 

model describing the current and potential fluctuations simultaneously occurring in an 

electrochemical cell based on either a current or potential noise source internal to the 

electrodes. This model allows the evaluation of Rn and Rsa(f), and the development of the 

theoretical basis for the relationship between Ra and electrode impedance, considering the 

various measurement schemes and affecting parameters such as cell geometry, solution 

resistance and electrodes with different kinetics. It was shown that, over a quite large 

range of corrosion conditions (localized, uniform with or without hydrogen evolution), 

Rsn(f) coincides with the impedance modules IZ | of the electrode. Rn is equal to Rp only 

if certain conditions are satisfied. Further experimental results11 proved that the above 

derivation does not depend on the corrosion kinetics and can be true for various corrosion 

situations.

In this chapter, the noise resistance and spectral noise impedance were calculated 

based on noise data recorded in different corrosion systems and then compared with the
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polarization resistance and electrode impedance, respectively. The theoretical basis of the 

application of noise resistance to carbon steel corrosion in various systems is discussed.

6.2 Some basic terms

The noise resistance and spectral noise impedance were statistically calculated in the 

time and frequency domain, respectively, according to the following equations:4,5’6,9,15

"  o / «
(6- 1)

*,„(/) = U p s o ( f )

Ipso(f )
(6-2)

where U ^dW and Ipsv(f) are the PSD data of potential and current noise, respectively. 

The spectral noise resistance R ^  is defined as the zero frequency limit of the spectral 

noise impedance:4,5

R ? = \ i m R ( f )n  /_»o m J (6-3)

63  Results

6.3.1 Carbon steel in bicarbonate solution

The polarization curves of A516-70 carbon steel in the solutions containing inhibitive 

HCO3* ions and aggressive C1‘ ions are shown in Fig. 4-40. It can be seen that the carbon 

steel electrode passivates in 0.5 M HCCV solution with the passive range of -lOOmV to 

950mV. The passivation mechanism of carbon steel in bicarbonate solution has been 

discussed in Chapter 4. A516-70 carbon steel in sodium bicarbonate solution is a passive 

system.
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The electrochemical noise generated in a passive system mainly comes from the 

dissolution of passive film and the reduction of oxygen. The recorded potential and 

current noise, as shown in Fig. 4-3, consist o f very frequent potential and current 

fluctuations with amplitudes of approximately 0.8 mV and 2 nA, respectively.

The recordings of potential and current noise versus time are analyzed statistically to 

calculate Rn and i?sn°- The values of Rp are determined by impedance measurements. The 

variations o f Rn, Rsa and Rp with exposure time in 0.5 M NaHC03 solution are plotted in 

Fig. 6-1. The three parameters are found to have the same trend. After about six hours of 

immersion, all o f the resistance fluctuate around 1.8 x 106 Q, indicating that a stable 

passive state has been reached. In a passive system, there are very similar values of Rn, 

Rm and Rv although they are mathematically unrelated.

The spectral noise impedance Rsa(f) is determined by transforming the noise data from 

the time domain into the frequency domain by FFT. The comparison of R<Jf) and the 

magnitude of electrode impedance IZI measured by the EIS technique is shown in Fig. 

6-2. Excellent agreement between both curves obtained by different methods is observed 

at frequencies lower than 0.5 Hz. Spectral analysis at a higher frequency range is not 

possible because of the limitations in the sampling rate.

6.3.2 Carbon steel in chloride solution

Fig. 4-40 shows that a carbon steel electrode in 0.1 M NaCl solution displays an 

active dissolution behavior, which corresponds to a general corrosion. Fig. 4-42 shows 

the potential and current noise recorded in this system. It is seen that there is an apparent 

DC shift for both potential and current fluctuations. However, the magnitude of 

background current of about 10'3 mA is much larger than that measured in the passive 

system (about 10'5 mA), and the background potential of about -646 mV is more negative 

than that o f approximate -172 mV in passivity. So the carbon steel electrode dissolves 

with a much higher rate in this system.

The comparison of Ra, Rm and Rp as a function of the exposure time is shown in Fig. 

6-3. It is seen that these parameters decrease with the immersion time in the beginning.
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After about six hours o f immersion, all o f the three resistances become constant and 

fluctuated around 2.6 x 103 Q, three orders of magnitude less than that measured in the 

passive system. When the stable state of general corrosion of carbon steel is reached, Rn, 

Rs„° and Rp have very similar values.

The comparison of the spectral noise impedance and the magnitude .of electrode 

impedance as a function of frequency is shown in Fig. 6-4. The two curves almost copies 

each other at frequencies lower than 0.5 Hz, which is the lower frequency limitance for 

PSD analysis.

6.3.3 Carbon steel in bicarbonate and chloride solution

It has been analyzed in Chapter 4 that the addition of chloride ions to the inhibitive 

solution will degrade the passivity of carbon steel. As shown in Fig. 4-40, the passive 

potential range decreases to about 150 mV when 0.1 M Cl' is added to 0.5 M HCCV 

solution. The passive current density also increases. The potential and current noise 

recordings after 10 hours of immersion, as shown in Fig. 4-5, are characterized by typical 

transients, which consist of a quick current rise and a potential drop followed by a slow 

recovery. This kind of transients is believed to be an indication of the initiation of 

metastable pits.22*23,24 Therefore, A516-70 carbon steel in 0.5 M HCO3'  + 0.1 M Cl* 

solution leads to a pitting system.

Fig. 6-5 shows Rn, RSa and Rp as a function of exposure time for A516-70 carbon 

steel in HCCV/CT solution. It is found that the time dependence of the three resistences is 

similar, that is, slightly decreasing with the exposure time. However, the numerical values 

of Ra are much lower than Rj* and Rp, while the values of Rm and Rp are close to each 

other.

Fig. 6-6 shows i?sn(f) calculated from the potential and current PSD data, together 

with impedance magnitude obtained from EIS measurements. It . is seen that IZI 

coincides with the RSn(f) curve over the whole experimental frequency range, hi contract 

to the curves collected in the passive state shown in Fig. 6-2 and in the general corrosion 

system
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in Fig. 6-4, there is no low frequency plateau for either curve in Fig. 6-6, that is, the 

impedance continuously increased when the frequency decreased.

6.4 Discussion

The experimental results of EN measurements have confirmed that the spectral noise

corrosion situations. The results presented in this work were obtained from three systems

with quite different noise sources. For passivated carbon steel in bicarbonate solution the

principal source of EN is the slow dissolution of passive film. When the carbon steel

specimen is in chloride solution, the EN mainly comes from the general corrosion of

carbon steel. While for carbon steel in HCO37CI* solution, the noise source is pitting of

carbon steel. Therefore, the agreement between Rm(f) and IZI is independent of the

corrosion situation. The theoretical model developed by Bertocci et al.10 predicted that the

spectral noise impedance is proportional to the magnitude of the electrode impedance,

and with the proportional factor having the value of 1 if a “noiseless” RE is used. The
<%

noise analysis performed on carbon steel in HCO3 ‘ and/or Cl' solutions confirm the 

theoretical predictions of their model.

Once it is established that Rsa(f) is equivalent to | Z I, it is possible to discuss the

significance of noise resistance obtained by EN measurements. The relationship between 

Rn and Ria(f) is11

hi practice, the PSD plots are measured in a limited frequency bandwidth The

low frequency limit is the inverse of the measurement time. The high frequency limit is 

one-half of the sampling time. Considering Eq. (6-2),

impedance Rsaif) is equal to the magnitude of the electrode impedance IZ | in various

(6-4)
0
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/  max

R . = f  mm
/  max

\ l p s o ( f ) 4 f
f  nun

(6-5)

Therefore, each point on the Rn curves produced in the real time corresponds to the right 

side of Eq. (6-5). When the spectral noise impedance Rsa(f) does not depend on the 

frequency in the range of the noise resistance is equal to /?«,.

For the Rsa(f) (or IZI) vs. frequency curve with a long low frequency plateau, as 

those shown in Fig. 6-2 and Fig. 6-4, the right side of Eq. 6-5 gives a value corresponding 

to the zero frequency limit of the spectral noise impedance. Generally, the current noise 

spectra obtained in passivity and general corrosion systems are characterized by a “white” 

noise in the low frequency range and a l / fa noise in the high frequency range, as shown 

in Fig. 5-13 and Fig. 5-15. The potential noise spectrum will have identical features to 

current spectrum because both potential and current fluctuations have the same pattern 

with time (Fig. 4-3). Therefore, the frequency dependence of spectral noise impedance is 

characterized by a plateau in the region of low frequency, and a zero frequency limit can 

thus be estimated. This conclusion can also be numerically verified. For example, in a 

passive system, the values of Ra obtained from the time records in Fig. 6-1 after 6 hours 

o f immersion (with the system is in a stable state) range from 1.349 x 106 to 2.172 x 106 

Q, with a mean of 1.761 x 106 Q, which is close to the zero frequency limit of the Rdtf) 

and | Z | curves, which is close to 2x 106 Q, in Fig. 6-2. In such a case, both Ra and /?sn° 

coincide with Rp, as shown in Fig. 6-1. Therefore, noise resistance provides an indication 

of the corrosivity of material in stable passivity. For a general corrosion system, the 

average value of noise resistance is determined as about 2.835 x 103 Q from Fig. 6-3. The 

zero frequency limit o f the spectral noise impedance is approximately 2.5 x 103 £2, as 

shown in Fig. 6-4. Therefore, noise resistance also provides an indication of material 

corrosivity in a general corrosion system.
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However, there are some cases where Ra might differ substantially from the zero 

frequent limit of | z | .  This is well illustrated by the measurements in 

bicarbonate/chloride solution shown in Fig. 6-5 and 6-6 . As analyzed in Chapter 4, 

carbon steel electrode where pitting occurs behave like leaky capacitors subjected to 

extremely short current bursts as shown in Fig. 4-5. The corresponding current PSD is 

very flat in the low frequency region. While the potential transients cannot follow the 

current transients because of the damping effect of the electrode capacitance on potential 

fluctuations,25 the potential PSD does not show a low frequency plateau. As a 

consequence, Rm(f) in Fig. 6-6 is frequency dependent in the whole range and no plateau 

is observed in the low frequency range. Rn is not equal to the low frequency limit of the 

spectral noise impedance, Rsa°. In fact, Ra is much lower than Rsa° and Rp as shown in Fig. 

6-5. Therefore, noise resistance can not be used to track quantitatively the change of 

corrosion resistance o f the electrode during pitting. Spectral noise resistance is consistent 

with polarization resistance and can be used to indicate the corrosivity of materials in the 

test solutions.

6.5 Conclusions

* The spectral noise impedance is equivalent to the magnitude of the electrode 

impedance. This relationship is independent of the corrosion situations (i.e., passivity, 

general corrosion and pitting).

* Noise resistance coincides with spectral noise resistance and polarization resistance 

only in a specific condition, such as passivity or general corrosion, where noise 

resistance provides an indication of the corrosion resistance of the material under 

study.

* In the case of pitting corrosion, noise resistance is much lower than spectral noise 

resistance and polarization resistance, and does not correspond quantitatively to the 

change of the corrosion resistance of system.
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Chapter 7 Semiconducting Properties of the Passive Film on Carbon 

Steel and Relationship between the Electronic Structure 

and the Pitting Susceptibility

7.1 Introduction

The passivity of metals has been subjected to special attention since the last century.1 

Although a large number o f models and theories2,3’4,5,6’7’8 have been proposed to explain 

the kinetics, thermodynamic, structural and electronic properties, a satisfactory 

description of the phenomenon of passivity is still lacking. However, it is generally 

acknowledged9 that oxygen ions must be transported from the film/solution interface to 

the metal/film interface, resulting in the penetration of the barrier layer into the substrate 

metal phase. On the other hand, metal ions are transported in the reverse direction, with 

the relative fluxes of these species depending on the energies of formation of the 

respective vacancies.

Compared with many theories qualitatively describing the passive state, the point 

defect model (PDM)9,10 provides a microscopic description of the growth and breakdown 

of the passive film and an analytical expression for the flux and the concentration of 

vacancies within the passive film, and hence affords an opportunity for quantitative 

analysis. The PDM is based on the migration of point defects (oxygen and metal 

vacancies) under the influence o f the electrostatic field in the film. Because the film is 

grown into the metal by the generation o f oxygen vacancies at the metal/film interface, 

and by their annihilation at the film/solution interface, the transport properties and spatial 

distribution of oxygen vacancies within the film is of great interest A key parameter in 

describing the transport o f oxygen vacancies and hence the kinetics o f film growth is the 

vacancy diffusivity (D). By using Mott-Schottky analysis in conjunction with the PDM 

for passive films, Macdonald and co-workers11 determined the oxygen vacancy diffusion
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coefficient in the WOj.x passive film formed on tungsten in phosphoric acid (pH = 0.96) 

solution at ambient temperature to be in the range of 10'14 to 10' IS cm2/s.

It is well known that the electrochemical behavior of passive films on metals can be 

interpreted in terms of the semiconducting properties of the films.12,13 Capacitance 

measurements have often been employed to study the electronic properties of the passive 

films and to obtain donor or acceptor density (No or A'a) and flat-band potential (U\b) by 

analysis of the Mott-Schottky plots.14,15,16,17,18,19,20’2'

Electrochemical investigations o f the passive film on iron suggested14,15,16,20,22,23,24,25 

that the passivated iron behaves like a metal electrode covered with an n-type 

semiconducting film with a high donor density of 1025 - 1027 m"3. Stimming15 and 

Searson22 claimed that the amorphous nature of the passive film on iron plays a major 

role in the semiconducting properties, such as the strong frequency dependence of the 

electrode capacitance. Azumi et al.20 evaluated the passive films on iron in neutral borate 

and phosphate solutions from Mott-Schottky analysis and concluded that the values of No 

and t/fb are affected by ionic species present in the solution. Phosphate ions, not borate 

ions, can penetrate into the passive film and produce a large number of structural and 

electronic defects.

Capacitance studies and photoelectrochemical techniques have also been performed 

on the passive films grown on various stainless steels.19,21,26,27,28,29 The results suggested 

an n-type semiconductor behavior of the passive films on stainless steels. Capacitance 

measurements at different frequencies indicated that the passive films are amorphous or 

strongly disordered semiconductors with donor concentrations similar to the values 

obtained for passivated iron.

The corrosion resistance of passive films is often determined by their susceptibility to 

local breakdown. It has been indicated30 that the electronic structure and properties of the 

passive films are responsible for film breakdown and pitting initiation. Bianchi et al.13,31 

found that higher pit density occurring on the metal surface is associated with an n-type 

oxide film, and attempted to relate the electronic properties of passive films on stainless 

steels to the pitting susceptibility. However, no fundamental studies were performed to
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understand the correlation between the semiconducting properties and the pitting 

susceptibility o f the passive film.

In this chapter, capacitance measurements and Mott-Schottky analyses are performed 

to study the electronic properties of the passive film formed on A516-70 carbon steel in 

bicarbonate solution with and without chloride ions. The influences of applied potential 

on pitting are analyzed by electrochemical noise measurements. The relationship between 

electronic properties and pitting susceptibility of the passive film on carbon steel is 

discussed, hi addition, the oxygen vacancy diffusivity is calculated based on the 

consideration o f PDM.

7.2 Mott-Schottky analysis

The charge distribution at the semiconductor/electrolyte interface is often determined 

by measurements of the capacitance of the space-charge layer (C*) as a function of the 

electrode potential (U). The Mott-Schottky relationship (1/C*2 vs. U plot) expresses the 

potential dependence of C* of a semiconductor electrode under depletion 

conditions:32’33,34

1 2  kT—-   ---------(U - U  ) for n-type semiconductors
C;c es0eND e

1 2  kT——  ----------- (U -U g .  ) for p-type semiconductors (7-1)
C l ezQeNA e

where e is the dielectric constant of the passive film, taken as 15.6,19 so is the permittivity 

of free space (8.854 x 10*14 F m‘l), e is electron charge, No and N \  are donor and acceptor 

densities, respectively, Uq, is flat-band potential, k  is the Boltzmann constant and T  is the 

absolute temperature. No and N \  can be determined from the slopes of the experimental 

1/C*2 vs. U  plots, while Ik, comes from the extrapolation for 1/C*2 = 0. The thickness of 

the space charge layer (ft*) can also be calculated (for an n-type semiconductor) by:19
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kT - 
)P

eN0 e
(7-2)

The validity o f the Mott-Schotky analysis is based on the assumption that the 

capacitance of the space charge layer is much less than that of the Helmholtz layer, hi 

such a case, the data points in \ICj~ vs. U plots can describe the semiconducting 

properties of the depletion region. When the frequency for capacitance measurements is 

so high that the contribution coming from Helmholtz capacitance to the measured 

electrode capacitance is negligible, the capacitance of the semiconductor/electrolyte 

interface mainly expresses the capacitance of the space charge layer of the 

semiconductor.36 In this work, 1000 Hz was used for capacitance measurements unless 

specified otherwise.

13  Results and Discussion

7.3.1 Frequency dependence of capacitance behavior

To investigate the electronic band structures and the crystallinity of passive films, the 

electrode capacitance of the passive film/electrolyte interface was measured as functions 

of both frequency and applied potential. Fig. 7-1 shows the capacitance-potential curves 

measured at 1000 Hz. The results obtained at other frequencies have very similar shapes, 

as shown in Fig. 7-2. It is seen that at low potentials the capacitance was rather high. 

With increasing potential the capacitance decreased first, then became nearly constant and 

finally increased again at higher potentials. A hysteresis of capacitance vs. potential was 

observed when changing the direction of the potential sweep. Similar capacitance 

behavior has also been observed for pure iron26 and stainless steels.21,26

The band structure model proposed by Stimming and Schultze37 is appropriate to 

illustrate the capacitance behavior of a semiconducting passive film observed in this 

work, hi the low applied potential region, the decrease of the capacitance with potential

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C
ap

ac
ita

nc
e/

MF 
cm

2 
C

ap
ac

ita
nc

e/
 

cm
30

25

20

15

10

5

0
0.9 1.20.60.3-0.3 0- 0.6

Potential/ V (Ag/AgCI)
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Fig. 7-2 The capacitance-potential behavior measured at different frequencies.
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can be attributed to an increasing thickness of the depletion layer and a diminishing 

number of charge carriers (donor for an n-type semiconductor). The behavior in the range 

of approximately constant capacitance is due to the exhaustion of all donors in the passive 

film, which behaves like an insulator. At the higher potential range, the increase in 

capacitance can be associated with the participation of the valence band, i.e., an 

increasing hole concentration in the valence band, leading to their predominant 

accumulation and the formation o f an inversion layer in the space charge layer.

The experimental results show that the capacitance values are also frequency 

dependent As shown in Fig. 7-2, the curves shifted to lower values with increasing 

frequencies. Fig. 7-3 shows the Mott-Schottky plots obtained at different frequencies. 

There was also a strong frequency dispersion of Mott-Schottky plots and the straight lines 

obtained at low potentials were curved at high potential values.

According to Peterson and Parkinson,38 a high density of states localized between the 

valence and the conduction bands characterizes a crystalline semiconductor with 

extensive existence of short-range disorder. Dean and Stimming39,40'41 analyzed the 

influence of localized states on the capacitance as encountered in such kinds of 

semiconductors and suggested that a semiconductor with the existence of disorder status 

can show curved Mott-Schottky lines, a strong frequency dependence and a large 

hysteresis in the capacitance behavior. According to their analysis results, it is concluded 

that the presence of a hysteresis in the capacitance behavior (Fig. 7-1) and the strong 

frequency dependence of capacitance and Mott-Schottky plots (Fig. 7-2 and 7-3) observed 

in this work show that the passive film on carbon steel is a strongly disordered 

semiconductor with the presence of extensive short-range disorder.

The frequency dependence of capacitance is attributed to the ionic part of the space 

charge. Because of the low ionic mobility, these ionic charges give a contribution to the 

capacitance only at the lower frequencies.26 Therefore, the capacitance decreases with 

increasing frequency. This frequency effect is apparent especially in heavily doped and 

disordered materials where the space charge layer is very thin. The passive films 

generally satisfy this requirement

177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



140

120 x 100 Hz 

a  300 Hz 

a 600 Hz 

o 1000 Hz

o © ©

£ 80
CMiu.

100

©
©

©

-0.4 - 0.2 0 0.2 0.4

Potential/ V (Ag/AgCI) 

Fig. 7-3 The Mott-Schottky plots measured at different frequencies.

Based on the above-mentioned analysis, it is concluded that the model of a crystalline 

semiconductor with extensive short-range disorder structure is an appropriate one to 

describe the capacitance behavior of the passive film on carbon steel in this work.

7.3.2 Analysis of the electronic band structure of passive films

To study the influences of film formation potential on capacitance behavior, the 

specimens were pre-passivated at various potentials and the Mott-Schottky plots were 

then measured. The results for passive films formed at the corrosion potential (C/con), -200 

mV and 200 mV, respectively, are shown in Fig. 7-4. The shape of Mott-Schottky plots is 

an indicator of the conductivity type of semiconductor. From the positive slopes present 

in this work, it is concluded that the passive film formed on carbon steel is an n-type 

semiconductor.

For the passive films formed at Ucan and -200 mV, there is a break point at the 

potential of about -70 mV, which is determined from the fitting of the data with different
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slopes, in the Mott-Schottky plots. The slopes of the Mott-Schottky lines above and 

below their break points are different. The potential at the break point in Mott-Schottky 

plots is defined as the critical potential (£/c). Similar behavior is observed on the passive 

films formed at potentials lower than -70 mV. For the film formed at 200 mV, the two- 

slope behavior was not observed and the Mott-Schottky plot showed one single straight 

linear section, which is the common case when the passive film is formed above -70 mV.

Non-linearity of Mott-Schottky plots has been reported in the literature. The 

explanations offered for such behavior are various, including surface roughness and non- 

uniform donor distribution,42 the presence of surface states which alter the potential 

difference across the Helmholtz layer,43'44 distribution of donor states over a broad range 

of energies40 and the existence of a second donor level in the band gap that is not ionized 

at the flat-band potential.19,45 In addition, Goossens et al.46'47 reported that the non-linear 

Mott-Schottky plot is due to the change of the thickness of a passive film with the applied 

potential. So the following analysis of the band structure is based on the assumption that 

the thickness of the passive film does not change during the capacitance measurements.

The influence of a deep donor level on the potential dependence of capacitance and 

the space charge density can be used to explain the non-linearity of Mott-Schottky plots, 

as suggested by Dean and Stimming40, and Myamlin and Oleskov.45 At flat-band 

conditions, the positive charge of ionized donors at the shallow energy level (£di) is 

neutralized by an equal concentration of conduction band electrons (Fig. 7-5a). For small 

values of potential difference across the space charge layer (Afee), the electrons are 

removed from the region near the electrode surface, resulting in the formation of a 

depletion layer with a net positive space charge due to uncompensated donors. The 

growth of a depletion layer shown in Fig. 7-5b indicates the situation of a single, shallow 

donor level in the potential range of Afcc ^ (£f - £d2)le, where £p and £02 are the Fermi 

energy and the energy of the deep donor level, respectively. The potential Uc, at which the 

break of the Mott-Schottky straight line takes place, is interpreted as the critical potential 

for the ionization of the deep level in the space charge layer. In such a case, a significant 

fraction of donor states at £02 becomes ionized. With the values of Afcc larger than the
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(a) (b) (C)

Fig. 7-5 Energy level diagram of a  semiconductor with two discrete donors, (a) At flat- 
band conditions, the donor states at Edi are completely ionized while those at E02 are 
occupied, (b) When eAfec ^ Ef - Ed2, the charge in the depletion layer is due to the 
ionized donors at E di. (c )  When eAfec ^  E f -  ED2, donors at E02 are also ionized and 
contribute to the space charge.

potential of (Uc-Ufo), the Fermi level falls below £ 02- Both the shallow and the deep 

levels of donor states contribute to the electrode capacitance. The concentrations of 

donors at shallow and deep levels can be determined from the two slopes Si and S2, 

respectively, of Mott-Schottky plots by using the equation:
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where Noi and No2 are the densities of the donors at shallow and deep donor levels, 

respectively.

Fig. 7-6 shows that for the passive films formed at potentials below -70 mV, the 

nonlinear Mott-Schottky plots reveal the presence of two donor levels. The total donor 

density of No 1 + No2 increased when the film formation potential became more negative. 

For a passive film formed at higher potentials, only the shallow donor was detected and 

No 1 values decreased when the formation potentials increased. The order of magnitude of 

No 1 is in the range of 1026 - 1027 m'3, which are in the same order of donor densities of 

passive films formed on stainless steels19,26 and iron.23,25 Such high donor concentrations 

are also a corroborating indication of the highly disordered nature of the passive film on 

carbon steel.

7.3.3 Relationship between the semiconducting properties of passive film and the film 

formation potential

The influences of film formation potential on the thickness of the space charge layer 

and the flat-band potential in 0.5 M NaHCC>3 solution measured at 1000 Hz are shown in 

Fig. 7-7 and 7-8. It is seen that both the thicknesses of the space charge layer and the flat- 

band potential increase when the film formation potential becomes more positive.

The thickness of the space charge layer of the passive films on carbon steel ranges 

from I to 6 A. The dependence of the thickness of the space charge layer on the film 

formation potential can be illustrated by Eq. 7-2.

Employment of the Mott-Schottky relationship for estimating the donor density has 

been justified by Schmuki et al.48 They found a good agreement between the dopant 

concentrations determined from Mott-Schottky analysis on bulk oxides and thin passive
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films on iron and chromium, and those measured by chemical analysis. The data in Fig. 7- 

6 show that the donor density decreases with increasing film formation potential. This 

result is consistent with that reported by Sikora et al.49 The relationship between No and 

film formation potential established in this work is theoretically interpreted in terms of 

the point defect model (PDM),9,50 assuming that oxygen vacancies are the electron donors 

for an n-type semiconductor. The Mott-Schottky data are consistent with that for an 

inhomogeneously doped film, such that the region close to the metal/film interface is a 

highly doped n-type semiconductor while that close to the film/solution interface is 

insulating in nature. Accordingly, the measured donor density is the oxygen vacancy 

concentration at the metal/film interface.

Flat-band potential is a critical parameter in determining the position of the 

semiconductor energy bands with respect to the redox potentials of electroactive ions in 

the electrolyte. These positions are in turn governed by the charge transfer across the 

semiconductor/electrolyte interface, the contact potential (band bending) between 

semiconductor and electrolyte, and the thermodynamic stability of a semiconductor. For 

the passive films formed at more positive potentials, there is a thicker space charge layer, 

smaller donor density and then a more stable structure. The Fermi level of the passive 

film will move negatively because depends on the concentration of impurities. 

Considering that flat-band potential is related to Fermi level by the relation of t/fb = - 

c«£f, it is easy to know why £«, shifts positively when the film formation potential 

increases.

7.3.4 Pitting susceptibility of the passive film in chloride solution

The pitting susceptibility of passivated carbon steel has been studied by monitoring 

the current noise in bicarbonate/chloride solutions. Polarization measurements shown in 

Fig. 4-1 show that A516-70 carbon steel was passivated over a large range of potential in 

a bicarbonate solution. The addition of chloride ions degraded the passivity of carbon 

steel. The initiation of metastable pits is indicted by typical current transients, i.e., a rapid 

current rise followed by slow recovery, as shown in Fig. 4-6. Fig. 7-9 shows the potential 

dependence of the pit initiation rate of A516-70 carbon steel during 4,000 seconds of
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immersion in the testing solutions. It is seen that the onset of metastable pits occurred at a 

potential of -250 mV, and was followed by an increase in pit initiation rate up to a 

maximum at about -70 mV, and a subsequent decrease at more anodic potentials. The 

potential corresponding to the maximum pit initiation rate is defined as the transitional 

potential. From Fig. 7-9, it is also seen that neither the shape of the curve nor the 

characteristic values of pit onset potential and transitional potential were affected by the 

concentrations of chloride ions. This phenomenon was observed in the studies performed 

by Schmuki and Bohni29 and Burstein et al.51 They found that the potential dependence of 

the initiation rate of metastable pits is independent of the solution pH value, Cl* 

concentration, the type of purging gas and H2O2 concentration. Therefore, the pit onset 

potential and the transitional potential can be considered as special features for certain 

steels.

As discussed in Chapter 4, the point defect model (PDM) can illustrate the breakdown 

of passive film and the pitting initiation.9 Below the pit onset potential, the cation 

vacancy diffusivity in some “weak spots” is not high enough to nucleate pits. When the 

potential increases positively from the pit onset potential, more “weak spots” that are 

characterized by high cation vacancy diffusivity will be activated and become the 

potential pit nucleation sites. Therefore, the pit initiation rate increases with increasing 

potential. When the applied potential is increased to reach a critical value, i.e., the 

transitional potential in this work, the pit initiation rate is found to decrease with 

increasing potential. The exact mechanism, which is discussed in the following section, is 

based on the PDM and the relationship between pitting susceptibility and electronic band 

structure of the passive film. Once the applied potential reaches the pitting potential, the 

condensation of cation vacancies at the metal/film interface leads to a macroscopic de

cohesion of the film from the metal. When the breakdown of a passive film has occurred 

over a macroscopic scale, the high dissolution rate of the substrate will inhibit the re

formation of the film. Accordingly, the system does not passivate and the initiation rate of 

metastable pits drops to zero quickly.
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7.3.5 Relationship between the pitting susceptibility and the electronic structure of 

passive film

The electronic properties of a passive film are acknowledged to play a major role in 

the corrosion resistance.24,27 For example, Macdonald and co-workers52,53 studied the 

influence of uv light on the passive behavior of stainless steels and explained the reason 

that illumination increases the resistance to pitting attack in terms of the semiconducting 

nature of the passive film and the point defect model for growth and breakdown of a 

passive film. It was proposed that generation of electron-hole pairs led to a quenching of 

the electric field strength and consequent modification of the vacancy structure, causing a 

decrease in the flux of cation vacancies across the barrier layer.

Fig. 7-10 shows the comparison of the Mott-Schottky plots for passive films formed 

at the corrosion potential in solutions with various Cl* concentrations. The flat-band 

potentials were -305 mV and -280 mV for the passive films formed in 0.01 M and 0.05 M 

Cl* solutions, respectively. Another important result obtained from Fig. 7-10 is that the 

potential at the break point of the Mott-Schottky straight line (-70 mV), that is, the critical 

potential for the ionization of both levels in the space charge layer, was not affected by 

the concentrations of chloride ions. This is a typical feature for the passive films formed 

below -70 mV. Comparing Fig. 7-9 and 7-10, it is found that the values of pit onset 

potential (-0.25 V) and flat-band potential (-0.305 V to -0.280 V) are close to each other. 

Furthermore, the values of transitional potential (-0.07 V) and the critical potential 

ionizing both levels of the space charge layer (-0.07 V) are the same. Therefore, it is 

reasonable to assume that there is a certain relationship between the pitting 

susceptibilities and the electronic structure and semiconducting properties of passive 

films. The existence of two donor levels has been suggested for the passive films formed 

on iron by Stimming and Schultze,14 the deep and shallow levels being respectively 

ascribed to the oxygen vacancies combined with the Fe atoms in octahedral and 

tetrahedral positions in the unit cell of a spinel structure. As Simoes et al. stated,19 when 

the film formation potential is below -70 mV, the corrosion product is dominated by 

Fe304, whereas for a higher film formation potential, the stable iron oxide is Fe^C .̂
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Fig. 7-10 The Mott-Schottky plots measured at corrosion potential of A516-70 
carbon steel in 0.5 M NaHC03 solution with different amount of chloride ions.

Therefore, when the film is mainly composed by Fe304, an inverse spinel crystalline 

structure, the deep levels are occupied by oxygen vacancies combined with Fe atoms 

containing both 2 and 3 valence electrons, and tetrahedral sites correspond to the shallow 

levels occupied by oxygen vacancies combined with Fe atoms containing 3 valence 

electrons. When the applied potential is higher than the critical potential, Fe203 becomes 

the main barrier layer. According to Davenport et al.’s work,54 the film is not composed 

only of octahedrally coordinated iron units. The structure may be a composite of y- 

Fe203/Fe304 (with one-third tetrahedrally corrodination iron). Therefore, the deep donor 

levels are mainly occupied by oxygen vacancies combined with Fe atoms containing 3 

valence electrons, while the shallow levels host about one-third oxygen vacancies with 

tetrahedral Fe atoms of 3 valence electrons.

When a passive film is formed at a potential below the transitional potential, i. e., the 

critical potential causing the non-linear Mott-Schottky behavior, both the shallow and the 

deep levels of donor states in the space charge layer will be ionized to contribute to the
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space charge. According to the PDM, the oxygen vacancies combined with the Fe atoms 

containing 2 and 3 free electrons are ionized, giving out the electrons and becoming the 

divalent and trivalent iron cation. The combination of these Fe cation with chloride ions 

in the solution produces the divalent and trivalent Fe cation vacancies. These cation 

vacancies move towards the metal/film interface and form a cation vacancy condensate, 

which is responsible for the pitting events. For film formation potentials higher than the 

transitional potential, only the shallow donor level is ionized, which is detected by single 

linear Mott-Schottky plots. In such a case, only the trivalent iron cation vacancies 

generate, condensate at the metal/film interface, and lead to pit initiation. However, the 

pit initiation rate is found to decrease with the applied potential based on noise analysis. 

The main reason may be that at the higher film formation potentials the divalent iron 

cation vacancies are unavailable and only trivalent iron vacancies condense at the 

metal/film interface. Therefore, it seems that the divalent iron cation vacancies caused by 

the ionization of the deep donor levels in the space charge layer are mainly responsible 

for pitting corrosion.

7.3.6 Determination of the Diffusivity of Oxygen Vacancies in the Passive Film on 

Carbon Steel

The anodic polarization curve of A516-70 carbon steel in 0.5 M NaHC03 solution is 

shown in Fig. 4-1. It was seen that carbon steel electrode was passivated over a potential 

range o f-0.1 V to 0.9 V (Ag/AgCI). The stable passive current density within 0 -  0.4 V 

is about 5 x 10'7 A cm'2.

After stabilizing the passive film at various film formation potentials within the 

passive potential range for 2 hours, the capacitance-voltage relationship was recorded 

with a measuring frequency of 1000 Hz and the corresponding Mott-Schottky plot was 

then derived. Some typical examples of Mott-Schottky plots measured at different film 

formation potentials are shown in Fig. 7-11. It is seen that a linear part is distinguished 

for measuring potential greater than -0.25 V, where the measured capacitance is 

dominated by the space charge. The donor density can be estimated from Eq. 7-1.
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The data plotted in Fig. 7-12 show that the donor density decreases with increasing 

film formation potential. Based on the best fitting of the experimental data, the 

exponential relationship between the donor density (No) and the film formation potential 

(U) is derived as

N d = [2.44 exp(-1.6U)+0.45] x 1026 (7-4)

Macdonald et al.11 have proven that the relationship between No and the film 

formation potential can be developed theoretically on the basis of the PDM, assuming 

that the oxygen vacancies are the electron donor. This theoretical relationship yields a 

good fit to the experimental results, and allows the diffusivity of the oxygen vacancies in 

the passive film to be calculated. According to the PDM, the flux of oxygen vacancies, Jo, 

through the passive film can be written as

J 0 = -A > (% >  ~ 2K D oCo (7-5)
O X

where K = ysu sl is the electric field strength, y = F/RT and Do is the diffusion 

coefficient of oxygen vacancies. The concentration profile for oxygen vacancies in the 

steady state is obtained by solving the Nemst-Planck equation to yield

Co (x) = C„ (0) exp(-2fo) -  - ^ - [ 1  -  exp(-2fcc)] (7-6)
7 J \U q

where Co(0) is the concentration of the oxygen vacancies at the film/solution interface. It 

has been found11 that the lower concentration of oxygen vacancies close to the 

film/solution interface results in the occurrence of an insulation layer. The almost 

constant concentration of oxygen vacancies close to the metal/film interface should result 

in a linear Mott-Schottky plot Accordingly, it is concluded that the measured donor
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density, A/b, is the oxygen vacancy concentration at the metal/film interface. Thus, for x  = 

L, Eq. 7-6 gives

N d = C „(i) =Co(0)exp(-2££) -  -^ - [ l-e x p (-2 A Z )]  (7-7)
Z K U q

Because the measured passive current is found to be independent of the film 

formation potential, then so is the flux J q . The dependence of the concentration, Co(0), 

on the formation potential, U, is obtained by observing that in steady state the flux, Jo, at 

the film/solution interface must equal the rate of annililation of oxygen vacancies. 

Therefore,

- J o = K C 0 ( 0) (7-8)

where is the rate constant for reaction (4) in Fig. 2-4. The rate constant depends on the 

potential drop across the film/solution interface, r^s, as

K  = k° exp(2et4y<|>fls) (7-9)

where 4̂° is the rate constant for <t>es = 0, and 04 is the transfer coefficient. According to 

the PDM,

=$°f l t +aU + VpH (7-10)

As the potential drop at the film/solution interface, <j>crs, grows with increasing formation 

potential, then the rate constant h  also increases. Thus, according to Eq. 7-8, the 

concentration Co(0) must decrease with increasing formation potential, so as to keep Jo 

constant
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The film thickness is estimated from capacitance measurements, where at frequencies 

higher than IOOO Hz, the electrochemical impedance displays an almost purely capacitive 

frequency response. Accordingly, we can use the well-known expression for the 

capacitance

c  = £o£t£. (7. n )
T
‘'film

to estimate the steady state thickness Lfnm, where S is the surface area, eo is the 

permittivity of free space, and Sr is the dielectric constant. A linear relationship exists 

between the steady state film thickness and the film formation potential. This relationship 

may be expressed as

0 -« 0 U  + *  (7-12)

where s l is the electric field strength of the passive film, and B is a constant that depends 

on pH and on the rate constants for film formation at the metal/film interface and film 

dissolution at the film/solution interface.

Substituting Co(0) from Eq. 7-8 and h  from Eq. 7-9 into Eq. 7-7, we obtain

Cott/um) =-T?-exp(-2a4Y(l)/ /J)xexp(-2^X7fta)- -^ -[ l-e x p (-2 iC L yJta)] (7-13)
k4

Substituting <j>ffs from Eq. 7-10, Lam from Eq. 7-12 and noting that l-exp(-2AXfiim) *1, we 

find from Eq. 7-13 that

c o(Lfiim) = N D =<°i exp(-617) +<d2 (7-14)

where
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and toi, (02 and b are unknown constants that are to be determined from the experimental 

data. The best exponential fit to the experimental data is shown in Fig. 7-12. The 

corresponding values of the parameters are calculated as ©i = 2.44 x 1026 m '\ ©2 = 0.45 x 

1026 m'3 and b = -1.6 V*1. The diffusivity can be calculated from Eq. 7-15 by

A> =
J 0 _ J 0RT  

2 Kgs 2 2 Fco2s l

J o -
1pass

2e

(7-16)

(7-17)

where /pass is the steady-state passive current density, which is determined from the 

polarization curve (Fig. 4-1) to be 1.5 x 10*6 A cm*2. The £l is approximately determined 

to be 3.9 x 106 V cm*1 by Smialowska and Kozlowski54 for the passive film grown on 

iron, while Haupt et al.55 measured the field strength of passive film on iron in 1 M 

NaOH solution to be about 3.5 x 106 V cm*1. Therefore, it was assumed that the electric 

field strength of passive film on carbon steel in this system is approximately 4.0 x 106 V 

cm*1. Substitution of /pass, e, Sl, ©2, R (8.314 J mol*1 K'1), T (298 K) and F  (96500 C/mol) 

into Eqs. 7-16 and 7-17 yields Do = 3.42 x 10*16 cm2 s*1. Taking into account the error 

caused by the assumption of s l in Eq. 7-16, the diffusivity of oxygen vacancies in the 

passive film formed on carbon steel in chromate solution is estimated to be in the range of 

10*16-  10*15 cm2 s*1.

There are few reports about the studies of the passivity of carbon steel. No exact 

values of the diffusivity of point defects in the passive film on carbon steel was found in 

the literature. Smialowska and Kozlowski54 assumed that the film growth kinetics is 

controlled by a diffusion process of ions. Although the atomic nature of the ions was not 

exactly described, they calculated the apparent diffusion coefficient of ions to be in the
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order of 10'ls cm2 s'1, which is very close to the diffusivity of oxygen vacancies in the

passive film on carbon steel.

7.4 Conclusions

* The passive film on A516-70 carbon steel in bicarbonate solution shows 

characteristics of a highly disordered n-type crystalline semiconductor with the 

existence of extensive short-range disorder structure, which is indicated by the 

frequency dependence of capacitance behavior and Mott-Schottky plots: a positive 

Mott-Schottky slope, the curved Mott-Schottky lines at higher potentials and a large 

capacitance hysteresis.

* The donor concentration of passive films, which is in the range of 1026 - 1027 m*\ 

decreases with increasing film formation potential. The thickness of the space charge 

layer of passive films ranges from 1 to 6 A. Flat-band potential increases when the 

film formation potential moves positively.

* The non-linearity of Mott-Schottky plots, depending upon the film formation 

potential, indicates the existence of two donor levels in the space charge layer. When 

the film formation potential is below -70 mV, two slopes in Mott-Schottky plots 

reveal two levels. Above -70 mV, only the shallow donor level can be ionized, and 

single linear Mott-Schottky plots are observed.

* A point defect model can illustrate the passive film breakdown and metastable pitting 

events. The condensation of cation vacancies at the metal/film interface leads to film 

rupture and pitting initiation. The onset potential and the transitional potential for 

metastable pitting events on A516-70 carbon steel are approximately -250 mV and 

-70 mV, respectively, which are close to the flat-band potential and the critical 

potential ionizing both deep and shallow donor levels in the space charge layer.

* For a passive film formed below the transitional potential, a condensate at the 

metal/film interface of both divalent and trivalent iron cation vacancies, caused by the 

ionization of both shallow and deep levels of donor states in the space charge layer 

and the combination of the ionized iron cation with chloride ions, is responsible for
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the pitting events. For the film formation potentials higher than the transitional 

potential, the decrease in pit initiation rate with potential is due to the facts that only 

the shallow donor level is ionized and no divalent iron cation vacancy generates in 

such a case. So it is the divalent iron cation vacancies caused by the ionization of the 

deep donor level of the space charge layer that are mainly responsible for carbon steel 

pitting.

* The experimental data are interpreted in terms of the point defect model for passivity

of carbon steel, assuming that the donors are oxygen vacancies. The oxygen vacancy 

diffusivity is calculated to be 10'16 -  I0'is cm2 s'1.
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Chapter 8 Summaries and Recommendations

8.1 Main conclusions

Fluctuations of the potential or current from a corroding electrode are a well-known 

and easily observable phenomenon. Before the 1970s, electrochemical noise was 

regarded as a source of bias and error that compromised electrochemical measurements 

rather than a rich source of information. However, during the last twenty years, we have 

witnessed the active development of electrochemical measurements and analyses 

associated with the corrosion process, especially various localized corrosion processes. 

The integration of EN measurement parameters with other electrochemical measures of 

systems status demonstrates the optimum use of the EN technique. The unique 

advantages of the EN technique are rapidly expanding fundamental corrosion studies and 

in-situ corrosion monitoring by noise measurements and analyses.

The significance of this work lies in the fact that some fundamental results about the 

electrochemical noise analysis related to carbon steel pitting are obtained and the 

relationship between the electronic properties and the pitting susceptibility of the passive 

film is established at an atomic scale. In addition, the physical significance of the noise 

spectrum and some spectral parameters are interpreted and some controversial viewpoints 

involving EN analysis and application are clarified. The conclusions drawn from this 

research work undoubtedly constitute an important component in pitting and 

electrochemical noise studies in the field of corrosion science. Some important 

conclusions about the analysis o f electrochemical noise related to carbon steel pitting are 

summarized here.

* During the incubation period of pitting, the fluctuations of potential are in phase 

with the current fluctuations, and the faradaic current plays a major role. The 

initiation of metastable pits is indicated by typical potential and current transients 

shaped as a quick drop in potential and rise in current followed by a slow
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recovery. The potential fluctuations come from the response of electrode 

capacitance to pit growth charge.

* Potential dependence of the pit initiation rate is well illustrated by a point defect 

model. Pit growth is controlled by the ohmic potential drop across the cover 

deposited over the pits. Potential dependence of the repassivation time of 

metastable pits mainly comes from the effect of applied potential on the pit cover. 

A stabilization criterion of metastable pits, indicating the critical condition to 

maintain stable pitting, must exceed 2 x 10'2 A cm'1 at all times during pit growth 

to avoid repassivation.

* The main role of chloride ions in pitting is to increase the chance of the 

breakdown of the passive film, rather than to inhibit surface repassivation. 

Metastable pitting events on carbon steel show non-Poisson behavior, and the 

initiation of a metastable pit will have a certain influence on subsequent pitting 

events in the case of high pitting activity. When the pitting activity decreases, 

metastable pitting events follow the Poisson distribution.

* The current noise spectrum for carbon steel pitting is generally characterized by a 

“white” noise in the low frequency region and a 1 l f a noise in the high frequency 

region. The spectral level reflects the pitting activity and is related to current rise 

rate and pit initiation rate. The roll-off slope increases with the pit growth time. 

The roll-off frequency represents the repassivation kinetics of metastable pits.

* Any transient having a sudden birth or a sudden death generates the / ‘2 noise in 

the high frequency range, while the transients without sudden change will show 

th e /" 4 behavior. This result is independent of the corrosion types (localized 

corrosion, general corrosion or passivity). The roll-off frequency of the noise 

spectrum for the exponential transients generated during pitting reflects the time 

constant of the exponential function. For the transients showing features of 

triangular and delta waves during passivity and general corrosion, the roll-off 

frequency is related to the time interval of the current rise or drop stage.

* The spectral noise impedance is equivalent to the magnitude of the electrode 

impedance, which is independent of the corrosion situations. Noise resistance 

coincides with polarization resistance during passivity and general corrosion, and
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indicates the corrosion resistance of the material under study. In the case of 

pitting, noise resistance can not track quantitatively the change of corrosion 

resistance of a system.

* The passive film on carbon steel in a bicarbonate solution shows characteristics of 

a highly disordered n-type semiconductor with the existence of extensive short- 

range disorder structure. The non-linearity of the Mott-Schottky plot indicates the 

existence of two donor levels in the space charge layer of the passive film. It is 

the divalent iron cation vacancies caused by the ionization of the deep donor level 

that are mainly responsible for carbon steel pitting.

* The diffusivity of oxygen vacancies, serving as the donors in the semiconducting 

passive film, is estimated to be in the range of 10*16 -  10'15 cm2 s'1.

8.2 Current State and Future Direction

The reliable interpretation of EN data is the major challenge to the advance of the 

technology in corrosion research, materials testing and industrial monitoring. At this 

time, it has been established that EN measurement systems are capable of detecting subtle 

changes in the material or environment or both under a wide variety of plant processes 

and laboratory test conditions. With strong corroborating information from other sources, 

EN data can be related with confidence to changes in corrosion behavior and 

environmental conditions. However, until a theoretical framework for interpreting 

corrosion events from noise data are established and standard testing practices are widely 

accepted, one must still be skeptical about detailed physical interpretations of EN data in 

the absence of strong corroboration.

In addition to the reliable interpretation of data, other exciting developments are also 

anticipated. No doubt there will continue to be more unique applications for EN 

measurements in corrosion monitoring and even process control. The challenges 

encountered in the field will set the pace for much laboratory experimentation and 

research. Besides successful industrial applications, the next major step towards 

validating EN measurements is anticipated to be in regard to its use in elucidating various 

forms of localized corrosion, such as SCC and pitting. In addition to comparisons of
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parameters common to EN measurements and more established electrochemical 

techniques, such as linear polarization resistance (LPR) and EIS, one can also look 

forward to the analysis of EN data by computer-intensive tools associated with artificial 

neural networks and nonlinear dynamics.

Measurement is the final area for fixture work. There is a need, in both the lab and 

plant, for techniques/instruments that can handle the large amounts of data that are 

acquired during real-time monitoring without losing valuable information. Especially, 

more work is needed to define the best methods for electronic filtering, trend subtraction, 

and localized event recognition of EN signals. It is very important to consider just how 

electrochemical signals are processed into EN data to avoid mis- and over-interpretation 

of data. With this caution in mind, it is essential that calibration procedures for 

instrumentation and reference corroding systems be established along with diagnostic 

tests for the validity of data so that measurements can be compared with confidence.
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